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ABSTRACT

In this research, Kale (Brassica oleracea var. alboglabra L.) was selected for
cultivation as selenium-enriched vegetable by a hydroponic system. Selenium-enriched
kale seedlings were grown in Hoagland’s solution supplemented with 5, 10, 15, 30 and
45 mg Se (IV) L™ from sodium selenite for 15 days and harvested every 5 days.
Cultivation of kale seedlings with 45 mg Se (IV) L™ inhibited the growth rate and
selenium accumulation. However, total selenium concentrations of all selenium-
supplemented treatments were higher than that of control treatment. The highest
selenium concentration accumulated by kale approximately 400 mg Se kg™ (expressed
as selenium in dry matter) was obtained in the kale which was grown with 30 mg Se L™
in solution for 15 days of cultivation time. Selenium Speciation studies indicated that
the predominant forms of organic selenium are selenomethionine (SeMet), Se-
methylselenocysteine (SeMC) and unknown which were identified in 0.1 M HCI in 10%
methanol extracts by ion pairing reversed phase HPLC-ICP-MS.

The study of effect of sulfate ion in nutrient solution on selenium absorption of
kale seedlings with hydroponic system were studied. The comparison of nutrients
solution between the solution of sulfate ion in form magnesium sulfate and no sulfate
ion in form magnesium chloride. It was found that sulfate ion did not affect to selenium
absorption and total selenium contents in kale seedling samples. Because, selenium in
form of sodium selenite was used for selenium-enriched kale seedling. The selenite
absorption was not inhibited by sulfate ion in the nutrient solution. Whereas, the
absorption of selenate was clearly inhibited by sulfate ion in the nutrient solution and
both nutrient solutions were not significant different (p>0.05). The study of reuse of

medium solution with 30 mg Se L™ supplemented in nutrients solution on the selenium
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and minerals absorption of kale seedling. It was found that total selenium and mineral
contents decreased when nutrient solution repeatedly used. The determination of
selenium, macronutrients and micronutrients contents in kale seedlings such as
manganese (Mn), copper (Cu), iron (Fe), Zinc (Zn), calcium (Ca), magnesium (Mg),
sodium (Na), potassium (K) and phosphorus (P) were also analyzed. The results
completed for 45 days (3 crops), the highest total selenium, manganese, copper, iron,
zinc, calcium, magnesium, sodium, potassium and phosphorus were found in 1°
generation (crop 1) of selenium-enriched kale seedling.

The stability and shelf life of selenium-enriched kale seedling were studied by
storage the dried selenium-enriched kale seedling (30 mg Se L™ for 15 days of
cultivation time) powders in the difference container material (polystyrene (PS) bottle,
polyethylene (PE) bottle, polycarbonate (PC) bottle, Low-density polyethylene (LDPE)
ziplock bag and aluminium foil bag) at difference temperature (4 °C and room
temperature), difference storage time (6, 12, 18 and 24 months) and in desicator. The
results show that the total selenium decreased when increase storage time and at storage
time 6 months found the lowest decreased when compared with other storage times.
Thus, the best results for stability and shelf life of selenium-enriched kale seedling were
obtained with PS bottle, LDPE ziplock bag and aluminium foil bag at 4°C for 6 months.

Additionally, the antioxidant activities of selenium-enriched kale seedling
using a DPPH radical scavenging and FTC methods were also studied. The extraction
were performed with water and 75% ethanol. The result showed that the radical
scavenging ability of the kale seedling extracts was increased with increasing of
selenium-supplement and cultivation time. The highest inhibition percentage of 77.42 at
30 min were obtained in ethanolic extracts of selenium-enriched kale seedling which
grown in the solution supplemented with 30 mg Se L™ and cultivation time of 15 days.
The antioxidant activities from FTC method showed almost the same patterns of
activities as the DPPH method.

Keyword: Se-enriched kale seedling; Se speciation; radical scavenging
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CHAPTER 1

INTRODUCTION

1.1 Background

Selenium (Se) is an essential micronutrient for living organisms but its toxic in
specific forms and at higher concentrations (Casiot et al., 1999). Selenium deficiency is
associated to several diseases such as Kashan diseases, Kashin-Beck diseases and
hypothyroidism. These diseases usually found in the nonseleniferous area such as
China, Tibet and New Zealand (Lavander et al., 1997). However, seleniferous areas
such as Venezuela demonstrated that the incidence of dermatitis, loose hair and nails
disease are usually found in the children (Maurice et al., 2006).

Moreover, since in vivo oxygen is efficiently reduced to water in the
respiratory chain, only a low percentage (5-10%) is in vivo real eased as the superoxide
ion 0, and OH" species, which are dangerous to living organisms (Feroci and Fini,
1998; Battin and Brumaghim, 2009; Ramoutar and Brumaghim, 2010). It is well known
that oxidation caused by reactive oxygen species (ROS) is a major cause of cellular
damage and death and has been implicated in cancer, neurodegenerative and
cardiovascular diseases (Battin and Brumaghim, 2009).

Selenium is one part of the antioxidant enzymes that protect cells against the
effects of free radicals (Turlo et al., 2010; Finley et al., 2000). It functions in the active
site of glutathione peroxidase (GSH-Px). Several functions of selenium could work as
co-worker of thioredoxin reductases, selenoprotein P and selenoprotein W (Burk and
Hill, 2005). Selenium has been reported to be associated with its antioxidant activity,
anticancer effect and other physiological functions (Xu et al., 2003; Zadrozna et al.,
2009). Recently, selenium has been reported to possess strong free radical scavenging
ability and can protect the cell membrane, preventing cells from malignant
transformation (Shen et al., 2010)

In environmental and biological systems, selenium exist either in inorganic
forms or as organic species with direct Se-C bonds. Selenium is primarily present as

selenite (SeO3%) and selenate (SeO,*) ions in soil and water. Organic selenium
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compounds occur in plants and microorganisms (Zheng et al., 2000). The function of
selenium depends on each species of selenium (Terry et al., 2000). Furthermore,
selenium in food is primarily present in an organic form as two modified amino acid,
selenomethionine (SeM) and selenocysteine (SeC) (Helen and Mary, 1995), which the
selenoamino acid contented proteins are called selenoprotein (Food and Nutrition Board
Institute of Medicine, 2000).

Selenium supplemented in plant crops has been used to increase dietary
selenium levels in humans and other animals. Growing plants enriched with selenium
could be an effective way to reduce dietary deficiencies and increase health benefits.
Uptake and accumulation of selenium by plants is determined by selenium form and its
concentration, the identity and presence of competing ions and the affinity of a species
to absorp and metabolize selenium. Many plant species accumulate higher amounts of
selenium in shoot or leaf tissues than root tissues (Chethaka et al., 2004). Selenium

supplemented plants such as garlic, onion, ramp, broccoli (K4polna and Fodor, 2006)

and kale sprout (Chantiratikul et al., 2011) have been achieved. Moreover, cabbage
plants like Brassica group are perceived as very valuable food products. The research
conducted, in many countries, corroborated the nutritive value, high antioxidant and
pro-healthy potential of these plants. These plants are a precious source of fiber, mineral
compounds, vitamin C, o-tokoferol and carotenoids (B-carotene, lutein). They are
abundant of polyphenolic compounds and contain 15-20 different glucosinolates like
compounds. Chemical composition decides about the pro-healthy characteristics of
these plants, especially as anticancerogenic (Sikora et al., 2012; Sugihara et al., 2004).
Furthermore, Brassica family is one of the most of plants which can produce as
selenium-enriched food. Several Brassicaceae species accumulate selenium into the
thousands of ppm (Montes-Bayén et al., 2002). Kale (Brassica oleracea var. alboglabra
L.) is a specie in Brassica family which used for selenium-enriched plant production
because it can reduce the toxicity of inorganic selenium and transform to several
organic species of selenium (Terry et al., 2000). In addition, it is the one of the popular
plant consumed in Thailand. The primary forms of selenium found in selenium-enriched
plants are SeM (Qilin et al., 2009), Se-methyl selenocysteine (SeMC) and derivatives
like y-glutamyl-Se-methyl selenocysteine (Montes-Bayon et al., 2006). These, y-
glutamyl-Se-methyl selenocysteine serves primarily as a carrier of SeMC. SeMC is a
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good precursor for generating methylselenol when enzymes like B-lyase are present.
This Se-metabolite seems to be the most active species for cancer reduction. Therefore,
SeMC has been widely studied as a potential anticarcinogenic compound (Montes-
Bayon et al., 2006).

Additionally, selenium-contaminated soils and sand from the selenium-
enriched plant production could be an environment pollutant. Hence, cultivation of
selenium-enriched plants using hydroponics system was interested to apply for
producing selenium-enriched plants because this method is easily controlled production
that allows over selenium fertilization without environmental consequences (Sugihara et
al., 2004; Tsuneyoshi et al., 2006). Furthermore, the sulfur (S) as sulfate ion (SO.*)
have been effected to absorption of selenium in Hoagland solution. Sulfate in an
ordinary hydroponic solution inhibited the absorption and assimilation of selenate. A
sulfate-free nutrient was used for Se addition. However, the translocation of selenium
from root to shoot depend on the form of selenium supplied. Selenite was rapidly
converted to organic forms in roots with limited transport to shoots. Selenate was highly
mobile in xylem transport but difficult transformed to organic forms (Terry et al.,
2000). Since the production of selenium-enriched plants with hydroponic system need a
lot of water and nutrients and still have many nutrients for the growth of plants after
harvesting, the reuse of nutrients solution is one option for saving money and chemicals.

The specific method is necessary for selenium speciation analysis. Therefore,
the use of a separation technique combined with a specific and sensitive detection
system is very important. Such, traditional elemental techniques as ICP-AES, ICP-MS,
ESI-MS (Hymer and Caruso, 2006), HG-AFS and HG-ETAAS are usually used to
determine total concentration of selenium in samples with high sensitivity, selectivity
and low limit of detection (Johansson et al., 2000, Moreno et al., 2003). However, ICP-
MS technique offers highest sensitivity and relative ease of interfacing with common
chromatographic and separation techniques (Hymer and Caruso, 2006). These, several
separation technique such as high performance liquid chromatography (HPLC),
capillary electrophoresis (CE) and gas chromatography (GC) (Hymer and Caruso, 2006)
are used to separate selenium speciation before determining with the traditional

elemental techniques (Alvarez-Llamas et al., 2005, Waddell et al. 2005). HPLC-ICP-

MS is a hyphenated technique for selenium speciation analysis. Most separation modes
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of HPLC have been utilized for selenium speciation analysis with the ICP-MS including
ion-exchange, reversed-phase, ion-pair, size-exclusion and chiral. The separation of

selenium species depends on each HPLC mode (Hymer and Caruso, 2006).

1.2 Purposes of the research

The purposes of this research can be summarized as follows;

1.2.1 To study the production of selenium-enriched kale seedling with
hydroponic system.

1.2.2 To study the effect of supplemented selenium concentrations in
nutrient solution and cultivation time on the selenium accumulation, speciation,
biotransformation and growth rate for the production of selenium-enriched kale
seedling.

1.2.3 To study the effect of sulfur as sulfate ion in nutrient solution on the
selenium concentration in selenium-enriched kale seedling.

1.2.4 To study the effect of reuse of the medium solution (nutrient solution)
on the selenium accumulation in selenium-enriched kale seedling.

1.2.5 To study the stability and shelf life of selenium-enriched kale seedling
in different container materials.

1.2.6 To study the effect of dried selenium-enriched kale seedling storage
conditions on the selenium concentrations in selenium-enriched kale seedling.

1.2.7 To study the antioxidant activity of selenium-enriched kale seedling
with using a,a-diphenyl-B-picrylhydrazyl (DPPH) radical scavenging and the ferric
thiocyanate (FTC) methods.

1.3 Benefits of the research

This research will obtain the benefits as follows;
1.3.1 Know the optimum supplemented concentration of selenium in
nutrient solution and cultivation time for selenium-enriched kale seedling.
1.3.2 Know the selenium species and biotransformation in selenium-

enriched kale seedling.
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1.3.3 Know the effect of sulfate ion on the selenium accumulation.

1.3.4 Know the stability and shelf life of selenium-enriched kale seedling
in different container materials.

1.3.5 Know the effect of reuse of the medium solution (nutrient solution) on
the selenium accumulation in selenium-enriched kale seedling.

1.3.6 Know the antioxidant activity of selenium-enriched kale seedling with

different selenium supplemented concentrations and cultivation time.

1.4 Scope of the research

The scope of this work has been classified to 5 main parts as follows;
1.4.1 Selenium-enriched kale seedling cultivation with hydroponic
system
1.4.1.1 The effect of selenium supplemented concentration in nutrient
solution
The selenium as sodium selenite (Na,SeO3) was supplemented in 10 L
of Hoagland’s solution which the concentration of selenium was varied as 0, 5, 10, 15,
30 and 45 mg Se L™ in selenium-enriched kale seedling.
1.4.1.2 The effect of cultivation time
The cultivation time of selenium-enriched kale seedling were designed
at 5, 10 and 15 days. The samples were harvested every 5 days of cultivation time for
growth rate and selenium accumulation study.
1.4.1.3 The effect of sulfate ion in nutrient solution
The sulfur (S) as sulfate ion (SO4%) have been effected to the
absorption of selenium from Hoagland’s solution to selenium-enriched kale seedling.
Thus, MgCl, was used to replace MgSO, in Hoagland’s solution for selenium
absorption study.
1.4.1.4 The effect of reuse of medium solution
The cultivation of kale seedling with the medium solution at 3 crops
which each crops were cultivated 15 days and harvested every 5 days of cultivation time

for growth rate and selenium accumulation study.

~ Mahasarakham University



1.4.2 Sample preparation
1.4.2.1 Sample digestion
The dry samples of selenium-enriched kale seedling were digested
with 65% nitric acid by closed wet acid method for the concentration of selenium and
trace elements study.
1.4.2.2 Sample extraction
The dry samples of selenium-enriched kale seedling were extracted
with 0.1M HCI in 10% v/v methanol for selenium speciation study.
1.4.3 Analytical procedures
1.4.3.1 Total selenium
The concentration of selenium was determined with ICP-MS.
1.4.3.2 Selenium speciation
The mixture of kale seedling extracts were determined with ion
pairing reversed phase HPLC-ICP-MS.
1.4.3.3 Mineral analysis
The concentration of trace elements in each samples were determined
by ICP-MS and AAS techniques.
1.4.4 The optimization of selenium-enriched kale seedling product
storage conditions
1.4.4.1 The effect of container materials
The dried selenium-enriched kale seedling products were stored in the
different container materials such as polystyrene (PS) bottle, polyethylene (PE) bottle,
polycarbonate (PC) bottle, Low-density polyethylene (LDPE) ziplock bag and

aluminium foil bag.

1.4.4.2 The effect of storage temperature
The dried selenium-enriched kale seedling products were stored in the
different temperature such as 4 oC and room temperature and in desiccator.
1.4.4.3 The effect of storage time
The dried selenium-enriched kale seedling products were stored in the
different times such as 6, 12, 18 and 24 months.
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1.4.5 The antioxidant activity of selenium-enriched kale seedling
The presence of antioxidant compound in selenium-enriched kale
seedling may delay oxidation of linoleic acid and exhibited the antioxidative activity.
The FTC method was used to evaluate the antioxidant activity of selenium-enriched
kale seedling, only at primary state of oxidation. In addition, the selenium-enriched kale
seedling extracts, BHA and Trolox were measured in terms of hydrogen donating or

radical scavenging ability by DPPH method.
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CHAPTER 2

LITERTURE REVIEW

2.1 History of selenium

Selenium is one of the rarest of the elements. It was discovered by the Swedish
Chemist, Jons Jakob Berzelius, in 1817. Berzelius found the element associated with
tellurium. It was discovered as a byproduct of sulfuric acid production. He gave it the
name selenium from the Greek is selene, which signifies the moon, while tellus is the
name of earth (Reilly, 1996). Selenium has many uses, in industry, agriculture and
health, both animal and human. The employment of selenium in the electronics and
electrical industries is based on its unique photoelectric and semiconducting properties.
It is used on photoreceptive drums of plain paper copiers and in laser printers, rectifiers,
voltage surge protectors, laser windows, infrared detectors, photovoltaic cells
(Frankenberger and Benson, 1994) and used as a pigment in plastics, glass and ceramics
(Graw-hill, 1982).

The toxicity of selenium was the first mentioned in the 13" century by an
Italian scholar, Marco Polo, found problems with the damaged hooves of horses after
grazing on certain plants in regions of China (Shao and Zheng, 2008). However,
selenium was previously attraced biologic interest in the 1930s when it was found to
cause poisoning of livestock in areas with high-selenium soil (Burk and Levander,
2006)

2.2 Chemistry and biochemistry of selenium

2.2.1 Chemistry of selenium
Selenium is a chemical element. It lies between sulfur and tellurium in
Group VIA and between arsenic and bromine in Period 4 of the Periodic Table of the
elements. Its chemical properties are intermediate between those of sulfur and tellurium
and compounds resemble the corresponding sulfur and tellurium compounds in

behavior (Reilly, 1996), which the physicochemical properties of selenium are
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summarized in Table 2.1 (Graw-hill, 1982). Selenium has a valence of -2 in
combination with hydrogen or metals and in oxygen compounds it exists in the +4 and
+6 oxidation states. Such, selenium compounds are summarized in Table 2.2 and six
stable isotopes of selenium occured with varing degree of abundance as follow: "“Se
(0.87%), "°Se (9.02%), ""Se (7.58%), ®Se (23.52%), ¥°Se (49.82%) and **Se (9.19%)
and short-lived isotope is °Se (Frankenberger and Benson, 1994). Selenium is usually
occurred as selenide of heavy elements and selenium minerals such as klockmanite
(CuSe), berzelianite (CuySe), clausthalite (PbSe), tiemannite (HgSe), ferroselenite
(FeSe,) and crookesite [(Cu, Tl, Ag).Se] (Kabata-Pendias, 2011).

Table 2.1 Physicochemical properties of selenium

Symbol Se
Atomic number 34
Atomic mass 78.96
Electronic configuration [Ar]3d*°4s?4p*
Density, g/cm® 4.79°
Melting point, °C 217
Boiling point, °C 685.4
Atomic radius, pm 0.117
Hardness, relative units 28
Electronegativity, relative units (Li = 1) 2.4
Latent heat of fusion, J/g 6.91
Heat of vaporization, J/g 272.98

®Hexagonal modification

Source: Modified from Frankenberger and Benson, 1994

2.2.2 Biochemistry of selenium
Twenty-five selenoprotein genes have been identified in the human genome
by bioinformatics methods. The selenoproteins that result from expression of these

genes are responsible for the biochemical function of selenium. Therefore, their

properties and function were described in this work.
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2.2.2.1 Selenoamino acids

Selenoamino acids are defined as those amino acids where selenium has
been substituted for sulfur. These include selenocysteine, selenohomocysteine and
selenomethionine. Selenocysteine is an important selenoamino acid obtained in
mammalian which contains in several proteins such as selenoprotein P, selenoprotein
W, glutathione peroxidases, thioredoxin reductases and iodothyronine deiodinases
(Stadtman, 1996). Selenocysteine is encoded by a UGA codon in mRNA, is specific for
the element and regulated physiologically. These specific selenocysteine-containing
proteins are referred to selenoproteins, in contrast to other types of selenium-containing
proteins which lack specificity for the element and are not encoded by a unique codon
in mMRNA (Reilly, 1996). Selenocysteine is located in active site of selenoproteins in
which this residue is essential for catalytic activity (Kim and Gladyshev, 2005).

Several selenoamino acid were found in both bacteria and higher plants
such as selenomethionine, selenocysteine and Se-methlyselenocysteine. Predominated
forms of selenium in plants are selenomethionine in cereal grains and legumes seeds
and Se-methlyselenocysteine in vegetables (Kabata-Pendias, 2011). Furthermore,
selenoamino acids were identified in plant such as y-glutamyl-Se-methylselenocysteine
and y-glutamyl-Se-methylselenomethionine are y-glutamyl derivative which were
observed in some plants especially Allium family such garlic and onion (Larsen et al.,
2006). However, the most efficiency selenoamino acid in selenium metabolism partway
are selenocysteine and selenomethionine. They were presented in tissue or animal fluid
with incorporated in peptide chain of selenoprotein (Behne et al., 1998).

2.2.2.2 Selenoproteins

The first selenoproteins were discovered in 1973, several other
selenoproteins have been identifiled. Selenoproteins have been found in all kingdoms of
life, but certain organisms like yeast or higher plants, lack selenoproteins. The fact that
selenocysteine is encoded by the stop codon UGA, probably postponed the
identification of many selenoproteins and there are cases where enzymes were identified
and cloned as truncated products, due to misinterpreted UGA codons (Johansson, 2005).
Selenoprotein could be classified for two types as selenomethionine-containing proteins
and selenocysteine-containing proteins. In plants and microorganisms found

selenomethionine-containing proteins but the function is not known (Reilly, 1996).
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Selenomethionine can be converted into selenocysteine by the transsulphuration
enzymatic pathway, as has been shown in rat liver (Esaki et al., 1981)

However, selenoprotein-containing proteins are the major selenoprotein
in higher animals, were found at least 25 specific (Jing, 2010). This review would be
described some selenoproteins which known the property and function.

2.2.2.3 Glutathione peroxidases

Glutathione peroxidase (GPx) was the first specific mammalian
selenoprotein identified (Schwarz and Foltz, 1957; Stadtman, 1980). It protects the cell
from oxidative damage by catalyzing the reduction of hydrogen peroxide, lipid
hydroperoxides and other organic peroxides. There are five types of mammalian
selenium-containing glutathione peroxidase such as cytosolic glutathione peroxidase
(GPx1), gastrointestinal glutathione peroxidase (GPx2), plasma glutathione peroxidase
(GPx3), phospholipid hydrogenperoxidase PHGPx (GPx4) and sperm nuclei glutathione
peroxidase (snGPx) (Behne, 2001). All five types have a selenocysteine residue in the
catalytic active site. There is also least one non-selenium glutathione peroxidase
(GPx5), which has a cysteine residue in the active site (Ghyselinck et al., 1991).
However, they exist in different parts of a cell or tissue using glutathione or other thiols
to reduce a variety of organic hydrogenperoxides produced during normal cellular
metabolism or upon exposure to environmental carcinogens, which otherwise damage
the structure of macromolecules and consequently interfere with the function of
enzymes(El-Bayoumy, 2001). Therefore, they play an important role in the body’s
antioxidant defence system.
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Table 2.2 Some inorganic and organic selenium compounds

Chemical name

Formula

Selenide (-2)
Dimethylselenide (DMSe)
Dimethyldiselenide (DMdSe)
Dimethylselenone/methylmethylselenite
Hydrogen selenide

Elemental Selenium (0)
Selenite (+4)
Trimethylselenonium (TMSe™)
Selenous acid

Selenium dioxide

Selenate (+6)

Selenic acid
Selnocyanate

Dimethylseleniumsulfide
Dimethylseleniumdioxide
Methylselenol
Selenocysteine

Selenomethylcysteine
Selenocystine

Selenomethionine

Selenoethionine
[1-Glutamyl-Se-methylselenocysteine

Slenohomocysteine
Se-adenoxylselenohomocysteine

Se”

(CHz3),Se (volatile)
(CHz3),Se; (volatile)
(CH3),2SeO; (volatile)
H,Se (volatile)

Se?

Se0s”

(CH3)3Se”

H,SeOs

Se0,

Se04”

H,SeO,

HSeCN

(CH3)Se-S(CHg) (volatile)
(CH3)SeO,

CH3SeH
HOOCCH(NH;)CH,-Se-H

HOOCCH(N Hz)CHz-Se-CHg
HOOCCH(NH;)CH,-Se-Se-
CH,CH(NH,)COOH

HOOCCH(N Hz)CHzCHz-Se-CH3
HOOCCH(NH,)CH,CH,-Se-
CH,CH3

H>,NCH,CH,-CO-
NHCH(COOH)CH,-Se-CHs
HOOCCH(NH,)CH,CH,-Se-H
HOOCCH(N Hz)CHzCHz-Se-
CH,C4H5CsN4NH-

Source: Modified from Frankenberger and Benson, 1994; Hymer and Caruso, 2006
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2.2.2.4 Thioredoxin reductases
Thioredoxin reductase (TrxR) is a flavoprotein belonging to a family of
homodimeric pyridine nucleotidedisulfide oxidoreductases, which includes glutathione
reductase, lipoamide dehydrogenase and mercuric ion reductase (William et al., 1992).
Thioredoxin reductases have evolved from bacterial, plant and yeast thioredoxin
reductases are homodimers of around 35 kDa and are different from the large
thioredoxin reductase, which has a subunit size between 55-60 kDa and is present in
higher eukaryotes (Williams et al., 2000). The function of thioredoxin reductases are
also play a role in protection against oxidant injuly, cell growth transformation and the
recycling of ascorbate from its oxidized form. Sinc thioredoxin reductases are able to
reduce a number of substrates other than thioredoxin. It is likely that additional
biological effects will be discovered for thioredoxin reductases. Furthermore, inhibiting
thioredoxin reductases with drugs may lead to new treatments for human diseases such
as cancer, AIDS and autoimmune diseases (Mustacich and Powis, 2000).
2.2.2.5 Selenoprotein P
Selenoprotein P (SelP) is among the first discovered selenoproteins but
its function has not fully understood. It is the major selenoprotein in plasma, which
represents 44-70% of the total plasma selenium (Hill et al., 1996). Human
selenoprotein P contains 10 selenocysteine residuces per polypeptide chain. Therefore,
it may function primarily as a selenium transport protein. Selenoprotein P is synthesized
mostly in the liver and released in to blood circulation, then degraded to liberate
selenium for the synthesis of novel selenoprotein in target tissue. Selenoprotein P may
be required to retain selenium and Se-dependent antioxidant system in the brain as it
can also be expressed locally and not lost into general circulation (Scharpf et al., 2007).
Selenoprotein P may also function as a plasma antioxidant and heavy metal antidote as
it contributes to the destruction of peroxynitrite, an important factor in inflammatory
toxicity (Arteel et al., 1998).
2.2.2.6 Selenoprotein W
Selenoprotein W (SelW) has been known for years as a protein enriched
in skeletal and heart muscle, which was related to the white muscle disease in Se-

deficient lambs. It is also found widely distributed in other tissue, including brain, heart
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and kidney (Gu et al., 2000). Selenoprotein W is present in the cytosol as well as being
membrance-associated. It has a potential function in muscular function and redox

metabolism (Behne and kyriakopoulos, 2001)

2.3 Metabolism of selenium

2.3.1 Metabolism of selenium in humans
2.3.1.1 Forms of selenium in human diet
In human diet, two naturally occurring selenoamino acids make up the
bulk of the element such as selenomethionine, the predominant form in food plants
and selenocystein, mainly found in food from an animal source. There are other
organic selenocompounds present in very small quantities in human diet such as
Se-methyl- selenocysteine, y-glutamyl Se-meyhyl selenocysteine, selenocystathionine,
selenohomocysteine, y-glutamyl selenocystathione and methyl selenol (Reilly, 1996).
Selenite and selenate are two inorganic forms of selenium that are often used as dietary
supplements in humans.
2.3.1.2 Absorption and transportation
Selenium in foods is readily absorbed with apparently no
physiological control over the absorption. In general, the absorption of the organic
forms of selenium is more efficient than that of inorganic forms with uptake from the
gastrointestinal tract of more than 90% of selenomethionine compared with about 60%
of selenite (Reilly, 1996; Finley et al., 2004). The uptake of selemethionine appears to
utilize the active transport process using the same system as methionine. Competition
for uptake occurs between methionine and its seleno analogue. The inorganic selenium
and other organic forms of selenium including selenocysteine are absorbed from the
gastrointestinal tract via a normal concentration gradient which is a passive process and
competes with inorganic sulphur compounds for absorption (Jing et al., 2009).
Selenomethionine is initially incorporated non-specifically into tissue proteins including
red cell haemoglobin and plasma albumin and transported around the body before being
metabolized (Wolffram et al., 1989). When selenomethionine is the main form of the
element in people diet, nearly 50% of the selenium in plasma is associated with albumin
(Burk, 2002).
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2.3.1.3 Metabolism pathway

The metabolism of selenium in human depend on the chemical form
and selenium status, the ingested selenium could follow different metabolic pathways in
the body. In general, all absorbed selenium would either be metabolised in the
biologically active pool, which provides the basis for metabolism and synthesis of all
the functionally important selenoproteins and seleno-metabolises for excretion or enter
the body Se-binding protein pool, which derives from non-specific incorporation of
exogenous selenomethionine into tissue proteins in place of methionine. The later is
considered as a selenium store in the body (Reilly, 1996). Figure 2.1 shows the
proposed metabolic pathways for different forms of selenium. Most forms of selenium
are efficiently absorbed but subsequent metabolism depends on the form in which they
are present in plasma. Selenomethionine, selenocysteine, selenate and selenite enter the
selenide pool and from here the selenium is either used for selenoprotein synthesis or
excreted in the urine as a selenosugar. Selenomethionine can be incorporated directly
(and nonspecifically) into proteins through the replacement of methionine. A separate
pathway is followed by the organic compound, y-glutamyl methylselenocysteine,
found in brassica and allium vegetables, whereby it is first converted to Se-methyl-
selenocysteine and then transformed by B-lyase into methylselenol, which is primarily
excreted in breath and urine but may also enter the selenide pool (Fairweather-Tait et
al., 2010).
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Figure 2.1 Metabolic pathway of dietary selenium in humans (Fairweather-Tait et al.,
2010)

2.3.2 Metabolism of selenium in animals

Selenium distribution within in the body and also its absorption and
excretion depend on several factors particularly on the chemical forms or speciation and
the total quantity of the element in the diet. In addition, in take can be affected by the
presence of certain other components of food including sulphur, heavy metals and
vitamins (Reilly, 1996). The metabolic pathways for selenium in animals are shown in
Figure 2.2 Organic selenium such as selenomethionine or inorganic selenium can be
converted to a common intermediate H,Se (Ip, 1998).

There are two possible pathways for the catabolism of selenomethionine.
One is the transsulfuration pathway via selenocystathionine to produce selenocysteine
which in turn is degraded to H,Se by the enzyme B-lyase. The other pathway is the
transamination—decarboxylation pathway (Mitchell and Benevenga, 1978). It was
estimated that 90% of methionine is metabolized through this pathway and thus could
be also the major route for selenomethionine catabolism. Se-methylselenocysteine
is the predominant seleno-compound formed in selenium-enriched garlic at relatively

low concentrations, but y-glutamyl-Se-methylselenocysteine is the predominant form at
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high selenium concentrations. Even though this glutamyl derivative may be the
predominant form it is hydrolysed in the intestinal tract and the absorbed Se-
methylselenocysteine cleaved by a lyase to form methylselenol (Dong et al. 2001).
Thus, this glutamyl derivative is metabolized like Se-methylselenocysteine at the tissue
level. Se-methylselenocysteine is converted to methylselenol directly when cleaved by
B-lyase and unlike selenomethionine it cannot be incorporated non-specifically into
proteins. Since Se-methylselenocysteine can be converted directly to methylselenol this
explains why it is more efficacious than other forms of selenium in cancer prevention

(Whanger, 2004).

General body proteins

Se0,
Selenoproteins
(as selenocysteine)

_— Se0,
— Selenomethionine l
i GS-Se-SG
Selenocystathionine
‘ Selenophosphate
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v
o-Keto-y-methylselenobutyrate CH,SeH
Methylselenopropionate l
(CH,),Se
Se-methylselenocysteine ¢
T {CH3}3SE+

vGlutamyl-Se-methylselenocysteine

Figure 2.2 Proposed pathways for the metabolism of selenium in animals (Whanger,
2003)

2.3.3 Metabolism of selenium in plants
Plants differ in their ability to accumulate selenium in their tissues. Certain
native plants are able to hyperaccumulate selenium in their shoots when they growon
seleniferous soils. These species are called selenium accumulators and include a number

of species of Astra-galus, Stanleya, Morinda, Neptunia, Oonopsis and Xylorhiza. They
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can accumulate from hundreds to several thousand milligrams of Se kg™ dry weight in
their tissues. Although selenium accumulators grow on seleniferous soils not all plant
species on seleniferous soils are selenium accumulators, some plants accumulate only a
few milligrams of Se kg™ dry weight. For example, the genus Astragalus contains both
Se-accumulating species and nonaccumulating species (Terry et al., 2000).

The translocation of selenium from root to shoot is dependent on the form of
selenium supplied. Selenate is transported much more easily than selenite or organic
selenium, such as selenomethionine (Zayed et al., 1998). The selenate uptake across the
root plasma membrane is mediated by the high-affinity sulfate transporter. The
expression of the high-affinity sulfate transporter is regulated positively by O-
acetylserine, and negatively by sulfate and glutathione. Selenite is a dominant form of
selenium in aerobic soils. However, unlike selenate, the mechanism of selenite uptake
by plants remains unclear. Selenite uptake is an active process likely mediated at least
partly by phosphate transporters. Selenite and selenate differ greatly in the ease of
assimilation and xylem transport. Selenite was rapidly converted to organic forms in
roots, with limited transport to shoots. Selenomethionine, selenomethionine Se-oxide,
Se-methylselenocysteine and several other unidentified selenium species were obtained
in the root and sylem sap from selenite-treated plants. Selenate was highly mobile in
sylem transport but little was transformed to organic forms (Terry et al., 2000).

Figure 2.3 shows the proposed pathways for the metabolism of selenium in
plants. Selenate (SeO,%) is reduced to selenite (SeOs*) by ATP sulfurylase. Then,
selenite is reduced to selenide (Se*) by a number of steps that involved reduced
glutathione. Selenide reacts with O-acetylserine to form selenocysteine in a manner
directly analogous to S metabolism. The S-amino acid cysteine is the starting point for a
series of reactions that lead to the synthesis of methionine and it has been postulated.
Cysteine is mostly due to lack of experimental evidence to the contrary that
selenocysteine is also metabolized by this same pathway. Selenium enters the food
chain through incorporation into plant proteins, mostly as selenocysteine and
selenomethionine at normal Se levels. However, with elevated selenium levels,
Se-methylselenocysteine can be the predominant selenocompound (Whanger, 2004).
Several selenocompounds have been identified in plants, but their concentrations are

usually very low. Indicator plants (called Se-accumulators) can accumulate extremely

~ Mahasarakham University



19

large amounts of selenium, ranging from 1000 to 10000 mg Se g”, because they
synthesize mostly non-protein selenoamino acids (Brown and Shrift, 1981).
Furthermore, Se-methylselenocysteine concentrarion in accumulator plants is higher

than non-accumulator plants (Ellis and Salt, 2003).
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Figure 2.3 Proposed pathways for the metabolism of selenium in plants (Whanger,
2003)

2.4 Selenium in foods

The selenium content of foods reflects the selenium content of the soil in which
the plants consumed were grown or on which the animals consumed were raised. The
relationship between soil content and a food selenium content is not always
straightforward. Therefore, selenium content in foods also varied by the region (Table

2.3). Plant foods are the major dietary sources of selenium and transfers to another

M
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living organism in food chain. Animals that eat grains or plants, grown in selenium-rich
soil, have higher levels of selenium in their muscle. In addition, people living in the
high levels of selenium region have higher selenium intakes than people living in the
lower levels of selenium region (Gutric and Picciano, 1995). For example, in the United
States, pasta tends to be high selenium because the durum wheat used tents to come
from high selenium soils in the Dakotas (Wardlaw and Hampl, 2004). Table 2.4 shows
the selenium content in various Thai foods which the selenium concentration were
varied by geographical location of plants and season of the year (Sirichakwal et al.,
2005)
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Table 2.3 Comparison of selenium data of some foods in various countries

Food Source of data and selenium content (ug/100 g)

UK USA New Zealand Irland China Thailand
Rice 10,13 319 73 - 2 5
Beef 3,76 199 10,12 8.1 5.3 154
Pork 14 239 57 104 138 18
Egg, chicken, whole - - 24 - 13 32.7
Egg, chicken, white 6 51 55 6.4 7 18.8
Egg, chicken, yolk 20 18.3 48 241 27 50.6
Chicken, breast - 116 - 115 105 223
Chicken, leg - 136 - - 124 229
Oyster - 65.3 46, 82 - 47 29.3
Shrimp - 588 - - 33.7 355
Milk, powder, infant 8 - - - 8 5.7
Milk, whole 1.5 1 03,04 0.3 1.9 2.8
Peanut 3 - - - 3.9 11.1
Soybean - - - - 6.2 -
Tomato <1 05 01,02 - 0.1 1.2
Carrot <1 2.2 - - 0.6 2.2
Cabbage <1 23 0.07,0.08 - 1 0.2
Garlic 2 249 - - 3.1 3.4
Corn, fresh - 04 - - 35 0.3
Cauliflower - 0.7 03 - 0.7 0.7
Lettuce - 0.8 - - 0.8 0.2
Onion - 15 21,02 - 0.9 1.1
Green pepper - 07 - - 0.4 0.1
Mushroom 8,10 132 - 3.3 vary 1.2
Orange <1 13.2 - - 0.3 1.2
Banana - 1 - - 0.9 0.3
Pineapple - 06 - - 0.2 0.2

Source: Modified from Sirichakwal et al., 2005

> Mahasarakham University



Table 2.4 Selenium content in Thai foods

22

Food item

Selenium (ug/100 g)

Vegetable

Acacia pennata (Cha-om)
Asparagus

Banana flowers/blossoms,
Broccoli

Brussels sprouts

Cabbage, Chinese/flowering white cabbage
Cabbage, Chinese, green
Cabbage, Chinese, white
Carrot

Cauliflower

Celery

Chinese convolvulus

Chive, Chinese, flowers
Chive, Chinese, leaves
Coriander

Corn, baby

Cucumber
Eggplant/aubergine, green, long
Eggplant/brinjal

Garden peas, pods

Gourd, wax/winter melon
Ivy gourd

Kale, Chinese

Lettuce

Mung bean sprout
Mushroom, Chinese or straw
Mushroom, Indian oyster
Mushroom, Jew’s ear, fresh
Neem, leaves and tips
Papaya, raw

Pumpkin

Solanum

Spinach

Spring onion/Welsh onion
Swamp morning glory, red stems
Tomato, cherry, small

12.7
3.5
3.5
0.6
5.7
0.3
0.3
14
3.9
0.7
0.3
0.3
0.4
0.3
0.7
0.3
0.4
0.3
1.3
0.3
0.5
0.3
0.3
0.3
1.1
1.2
1.5
0.8
5.5
0.6
0.9
1.4
0.6
0.6
0.3
1.2

Source: Modified from Sirichakwal et al., 2005
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Table 2.4 Selenium content in Thai foods (cont.)

Food item Selenium (ug/100 g)
Water mimosa 0.4
Wild betal, leaves 0.8
Winged beans, pods, Yard long bean, green 0.5

Cereals, legumes and seeds
Rice, polished, raw 54
Rice, jasmine variety, polished, raw 4.6
Cow pea, seeds, dried 5.8
Mung bean, seeds, dried 12.3
Peanut/groundnut, seeds, dried 111
Rice bean, seeds, dried 15.7
Soybean, seeds, dried 12.7
Sesame seeds, black, dried 23.0
Sesame seeds, white, dried 15.6

Fruits
Banana, apple, common (Nam-wa) 0.3
Banana, rice (Klouy Khai) 0.6
Durian, Mon-thong/golden pillow variety 0.7
Jackfruit, Nung variety 1.1
Litchi/Ly chee, Hong-houy variety 0.1
Litchi/Ly chee, Jom-jai-jakapat variety 2.8
Litchi/Ly chee, Jom-jai-kuang-joa variety 0.3
Longan, Beaw-keaw variety 2.4
Longan, E-daw variety/Heaw variety 0.3
Longan, See-chompu variety 0.5
Mango, Kaew variety, unripe 0.6
Mango, Kiew-sa-weya variety, unripe 0.7
Mango, Num-dok-mai variety, ripe 0.8
Mango, Okrong variety, ripe 1.0
Mango, Rad variety, unripe 1.1
Papaya, ripe 1.2
Rambutan, pink variety 0.5
Rambutan, Rong-rean variety 0.6

Meat and poultry
Beef, lean, raw 15.8
Beef, Longissimus dorsi, raw 12.3
Beef, tenderloin, raw 15.3
Chicken, breast, raw 22.3
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Table 2.4 Selenium content in Thai foods (cont.)

Food item Selenium (ug/100 g)
Chicken, drumstick, raw 22.9
Pork, lean, raw 17.2
Pork, Longissimus dorsi, raw 18.2
Pork, tenderloin, raw 18.7

Fish and sea foods
Batrachian walking catfish, raw 47.3
Short-bodied mackerel, raw 88.1
Silver pomfret, raw 52.3
Squid, splendid, raw 41.0
Striped snake-head fish, raw 335
Crab, serraed mud, meat, boiled 46.1
Cockle/ark shell, fresh 44.0
Mussel, green, fresh 42.6
Opyster, Pacific 29.3
Prawn, green tiger, raw 35.4

Eggs
Egg, hen, whole 32.7
Eqgg, hen, white 18.8
Egg, hen, yolk 50.6
Egg, duck, whole 48.5
Egg, duck, white 36.9
Egg, duck, yolk 53.4

Milk and milk products
Milk, powder, full cream 6.4
Milk powder, infant formula 5.7
Milk, whole, UHT, natural 2.8

2.5 Selenium requirement for human health

The first Recommended Dietary Allowances (RDA) for selenium was
announced in 1989 (Drummond and Brefere, 2004). The minimum selenium
requirement is determined by comparing dietary intakes in geographical areas in which
deficiency occurs with intakes in those areas without such deficiency (Table 2.5). As
indicated by the dietary intake in areas where Keshan disease is not found at least 19

and 13 pg/day for adult Chinese males and females respectively (Yang et al., 1988).
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In New Zealand, intakes of 33 pg/day by male and 23 pg/day by female are not
associated with deficiency. Although, several selenium balance studies have been
conducted to investigate selenium requirements. However, The homeostatic
mechanisms appear to ensure that intake of selenium are in balance with losses over a
wide range of intake from 9 to 80 pg/day which selenium requirements depend on age
and sex as Table 2.6 (Gutric and Piccano, 1995).

Table 2.5 Representative mean serum selenium concentrations from selected studies

Country or Area Sample serum selenium concentration (mol L™)

Pathologic subjects
Keshan disease (China) 0.15-0.25
Kashin-Beck disease (China) 0.22-0.03
Myxedematous cretins (Zaire) 0.26 - 0.12
HIV and AIDS 0.36 - 0.54

Normal subjects
Bulgaria 0.66 - 0.72
Hungary 0.71-0.13
New Zealand 0.69
Norway 1.52-1.69
Serbia and Croatia 0.63-0.85
United state, Maryland 1.69 - 2.15
United state, South Dakota 2.17-2.50

Source: WHO/WFO, 2004

Table 2.6 Recommended dietary intakes for selenium

Age (years) Amount (ug/day)
Infants
<11 10-15
1.1-9 20
6-9.9 30
Males
10-11.9 40
12-17.9 50
18 - 51+ 70
Females
11-14.9 45
15-18 50
19 - 51+ 55

Source: Gutric and Picciano, 1995

> Mahasarakham University



2 |

E57 Mahasarakham University

26

2.6 Antioxidant activity of selenium compounds

The body contains complex antioxidant systems that require adequate intake of
selenium for normal physiological function; the RDA for selenium is approximately
55 pg/day and selenium can be incorporated into the body by ingesting foods such as
carrots, cabbage, garlic, mushrooms, cheese, meats, and grains and selenium-containing
supplements (Foster, 1995; Hawkes et al., 2008;). Selenium, in the form of
selenocysteine, is a constituent of 25 classes of selenoproteins, including GPxs,
selenoproteins P, W, and R, and thioredoxins (Diwadkar-Navsariwala and Diamond,
2004; Tapiero et al., 2003). There is evidence that several of these selenoproteins have
antioxidant activities. However, the functions of most have not been determined. Early
observations linking selenium and pathogenesis started an intense investigation into the
role of selenium in antioxidant defense and disease treatment, and many selenium
compounds have been investigated for their antioxidant properties (Figure 2.4, Table
2.7).
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Figure 2.4 Antioxidant selenium compounds (Battin and Brumaghim, 2009)
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Table 2.7 Sources and activities of selenium compounds

Selenium Compound source Activity
Selenocysteine Diet Antioxidant
Selenomethionine Diet Antioxidant
Methyl-selenocysteine Diet Antioxidant
Selenocystamine Endogenously synthesized Antioxidant
Selenocystine Diet/endogenously synthesized  Antioxidant
3,3-Diselenobispropionic acid Synthetic Antioxidant
3,3-Selenobispropionic acid Synthetic Antioxidant

Selenium dioxide Synthetic Antioxidant/pro-oxidant
Sodium selenite Environmental/diet Antioxidant/pro-oxidant
Ebselen Synthetic Antioxidant
Methyl-N-(4-methylphenyl) Synthetic Antioxidant
Selenocarbamate

Methyl-N-phenylselenocarbamate  Synthetic Antioxidant

Source: Battin and Brumaghim, 2009

2.7 Antioxidant activity of selenium-enriched plants

Finding an effective way of increasing the production of selenium-enriched
dietary sources is necessary because selenium supplementation from natural food
materials is considered safer than directly ingesting inorganic selenium (Liu et al.,
2012). Most common selenium supplements are selenite yeasts whose major
selenocompound is selenomethionine (SeMet) (Kotrebai et al., 1999). Other materials
such as selenite supplement in Allium fistulosum (Képolna and Fodor, 2006), Allium
sativum, and Brassica juncea (Montes-Bayon et al., 2006) have been reported recently.
Growing evidence shows that selenium supplementation is able not only to improve
people’s dietary selenium, but also plays a role in protecting from oxidative damage by
free radicals. Recently, some selenium-enriched food materials and selenium-containing
compounds extracted from these materials such as selenium-enriched green tea (Xu et
al., 2003), selenium-enriched mushroom (Zhao et al., 2008), selenium-containing
phycocyanin isolated from selenium-enriched Spirulina platensis (Chen et al., 2008),
selenium-containing proteins (Se-Ps) isolated from selenium-enriched bifidobacteria
(Shen et al., 2010) and mushroom (Zhao et al., 2008) have been reported to possess
strong antioxidant activities. It have been reported that the primary forms of selenium
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found in selenium-enriched plants are Se-methyl selenocysteine, selenomethionine and
derivatives like y-glutamyl-Se-methylselenocysteine. Se-methyl selenocysteine is a
good precursor for generating methylselenol when enzymes like B-lyase are present.
This Se-metabolite seems to be the most active species for cancer reduction. Therefore,
Se-methyl selenocysteine has been widely studied as a potential anticarcinogenic

compound (Montes-Bayoén et al., 2006)

2.8 Selenium-enriched plant production

Plants may be used both to provide dietary selenium in areas of selenium
deficiency and to clean up selenium pollution from seleniferous areas. Therefore,
selenium-enriched plant production was interested for supplementation dietary because
plants are known to convert inorganic forms of selenium to organic selenium
compounds following the sulfur assimilatory pathway (Pilon-Smits and LeDue, 2009;
Terry et al., 2000). The organic selenium compounds such as Se-methylselenocysteine,
selenomethionine selenocysteine and y-glutamyl-Se-methylselenocysteine which these
compounds are the major selenium compounds in plant (Whanger, 2004). The ability of
several plants to accumulate and transform inorganic forms of selenium into bioactive
organic compounds has important implications for human nutrition and health
(Pyrzynska, 2009).

The production of high-selenium vegetables requires particular soil with a
high selenium concentration. High-selenium soil must be prepared by fertilizing with
selenite or selenate. This selenium fertilization of soil may cause environmental
pollution by selenium. However, selenium in the forms of selenate and selenite is
readily absorbed by the plant and converted metabolically in the chloroplast to organic
selenium compounds (Terry et al., 2000), which are a component of protein in plant
tissues (Leustek and Saito, 1999; Tinggi, 2003). Numerous studies revealed that
selenium-enriched plants could be successfully produced for human nutrition using
edible plants such as broccoli sprouts (Finley et al., 2001), green onions (Allium
fistulosum), chives (Allium schoenoprasum), ramp, cabbage (Kapolna and Fodor, 2006),
garlic (Tsuneyoshi et al., 2006), kaiware radish sprout (Yoshida et al., 2007) and
sprouts of several plants (Lintschinger et al., 2000; Sugihara et al., 2004). Therefore, a
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closed system is necessary to produce high-selenium vegetables. In Japan, the sprouts of
several plant species are utilized in foodstuffs. The unique Brassica plant in Japan,
nozawana (Brassica rapa var. hakabura) and komatsuna (Brassica rapa var.
peruviridis) show the same selenium accumulating ability as Indian mustard (Yawata et
al., 2010). Thereby, the Brassica family has a high potentiality to provide as the
seleniume-enriched diet. These sprouts are cultivated in a closed system which is
considered a relatively easy method to produce selenium-enriched sprouts (Sugihara et
al., 2004).

Hydroponics is a method of growing plants using mineral nutrient solutions in
water without soil. Terrestrial plants may be grown with their roots in the mineral
nutrient solution only or in an inert medium such as perlite, gravel, mineral wool or
coconut husk. Moreover, hydroponic system is easy cultivation method for selenium-
enriched plant production with closed system and easy control production. Table 2.8
shows plant cultivation for several plant species and their selenium concentration and

selenium compounds obtained which was reported by Sugihara et al., 2004.

2.9 Uptake and transport of sulfate ion in plants

The transportation of sulfate ion (SO.*) occurs across several membrane
systems as it enters and is distributed throughout the plant and within cells. Transport
across the plasma membrane occurs with protons at a ratio of 150,33 H" (symport) and
is driven by a proton gradient maintained by a proton ATPase. Transport across the
tonoplast membrane is mediated by an unknown mechanism that is driven by the
electrical gradient between the vacuole sap and cytoplasm. The phosphate/triose
phosphate translocator of the inner chloroplast membrane or a proton/SO,* symporter
may mediate SO, transport into chloroplasts (Leustek and Saito, 1999)

The plasma membrane transporters of plants have been characterized. The
sequences of cDNAs cloned from Stylosanthes hamata, Arabidopsis, soybean, barley,
maize, resurrection grass and Indian mustard showed that the plasma membrane
transporters of plants are most closely related to fungal and animal proton/SO,*

cotransporters. Hydropathy analysis revealed that the plant transporters may span the
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membrane 12 times, a structural feature that is typical of many types of solute
symporters (Smith et al., 1997).

Moreover, the role of the sulfate transporter in selenate uptake have undertaken
studies to determine whether overexpression of either the high-affinity (SHST1) or low-
affinity (SHST3) transporter genes from S. hamata increases the uptake of selenium in
Indian mustard. Overexpression of SHST1 increased selenate accumulation up to
twofold in transgenic plants compared to wild type. On the other hand, transgenic plants
overexpressing SHST3 did not differ significantly from wild type in their accumulation
of selenate. These data support the view that the high-affinity sulfate transporter is
involved in selenate uptake (Huang and Wu, 1991).

Unlike selenate, there is no evidence that the uptake of selenite is mediated by
membrane transporters. Selenite uptake was inhibited by only 20% by the addition of a
respiratory inhibitor, hydroxylamine, to nutrient solution. Selenate uptake was inhibited
by 80% (Arvy, 1993). A study by Asher et al., showed that although the selenium
concentration in the xylem exudate of selenate-supplied detopped roots exceeded that of
the external medium by 6 to 13 times, selenium concentration was always lower in the

xylem exudate than outside when selenite was supplied.

~ Mahasarakham University



Table 2.8 Total selenium and selenium species concentrations in various plants

Plant Selenium Ration of selenium species (%)
Period of Whole Proportion of
Common name  Scientific name CUI(t:j\;?/t)lon (uzog-tf C\tet gﬁr!;gt;'bcl:é Se (IV) Unknownl SeMC SeMet sDe-&l(u;
weight) (%)

Spinach Spinaia oleracea 8 25.6 75.0 n.d. n.d. 96.7 3.3 n.d.
Tallfescue Festuca arundinacea 8 11.8 65.7 13.2 15.1 56.6  15.1 n.d.
Barley Hordeum vulgare 8 16.7 74.9 51 32.3 404 222 n.d.
Rice Oryza sativa 20 24.1 75.2 4.4 33.6 442 177 n.d.
Astragal Astragarus sinicus 8 15.0 81.7 10.7 20.2 69.1 n.d. n.d.
Soy bean Glycine max 5 7.8 85.9 n.d. 30.9 63.2 5.9 n.d.
Kidney bean Phaseeous vulgaris 6 9.5 82.6 3.1 14.1 79.7 3.1 n.d.
Red clover Trifolium pretense 8 14.4 70.9 11.9 10.4 77.6 n.d. n.d.
Onion Allium cepa 8 17.8 98.3 n.d. n.d. 100.0 n.d. n.d.
Edible burdock  Arctium lappa 12 11.7 78.1 0.3 n.d. 91.7 n.d. n.d.
Garland Chrysanthemum 8 17.5 69.4 11.3 n.d. 887 nd.  nd.
chrysanthemum  coronarian
Qin gin cai Brassica campestris;

chinese group 8 19.7 925 3.2 2.1 94.7 n.d. n.d.
Chinese cabbage Brassica campestris;

pekinensis group 7 36.6 86.9 6.1 3.0 90.9 n.d. n.d.
Turnip Brassica campestris;

rapifera group 8 37.7 77.7 n.d. 5.5 945 nd.  nd.

n.d. = not detected
Source: Modified from Sugihara et al., 2004
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Table 2.8 Total selenium and selenium species concentrations in various plants (cont.)

Plant Selenium Ration of selenium species (%)
Period of Whole Proportion of
o cultivation content 0.2 M HCI [-glu
Common name Scientific name (day) (g ol wet  extractable Se (IV) Unknownl SeMC SeMet SeMC
weight) (%)

Welsh onion Allium fistulosum 8 27.1 98.3 n.d. n.d. 100.0 n.d. n.d.
Chinese chieve  Allium tuberosum 8 25.8 92.3 n.d. n.d. 90.6 n.d. 9.4
Buck wheat Fagopyrum 7 8.5 72.4 nd. 19.4 806 nd.  nd.

esculentum
Eggplant Solonum melongena 15 22.0 94.0 n.d. n.d. 96.9 3.1 n.d.
Tossa jute Corchorus olitorius 8 16.2 87.0 3.2 6.5 90.3 nd. n.d.
Broccoli Brassica campestris;

o group 7 32.1 778 1.9 38 943 nd  nd
Mitsuba Crytotaenia japonica 15 29.2 75.8 1.7 n.d. 98.3 n.d. n.d.
Carrot Daucus catota 8 29.0 86.6 3.0 n.d. 934 3.6 n.d.
Nozawana Brassica campestris;

rapifera group 8 46.7 80.0 1.9 1.9 96.2 n.d. n.d.
Kintoki (japan  Daucus catota 8 41.0 87.1 7.1 nd. 929 nd.  nd.
carrot)
Parsley Petroselinium 15 46.3 98.2 nd. nd. 1000 nd.  nd.

cripum
Kaiware daikon  Rephanus sativus;

8 2.6 95.1 n.d. n.d. 100.0 nd n.d.

daikon group
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2.10 Toxicity of selenium

Toxicity of selenium depends not only on the chemical form and quantity of
the element consumed but also on individual variations such as age, physical state, liver
weight, nutrition and diet of the person (Reilly, 1996). Both organic and inorganic
forms of selenium are toxic at high dose. Organic selenocompounds such as
selenomethionine are usually lower in acute toxicity than inorganic selenocompounds as
they are mostly food-bound and incorporation into tissue proteins removes a significant
portion from circulation, thereby attenuating the adverse effects. However, excessive
inorganic selenium that cannot be used derectly for selenoprotein synthesis must remain
in circulation until it can be methylated and excreted (Jing, 2010).

The biochemical basis of selenium toxicity at high levels of intake is not fully
understood. It is possible that excess substitution of methionine residues with
selenomethionine may alter the physiochemical properties of structural protein because
the seleno moiety of selenomethionine is more hydrophobic than the thiol moiety of
methionine (Hatfield and Gladyshev, 2002). The formation of hydrogen selenide
extracellularly may be the key event in selenocompound metabolism that induces
oxidative stress and toxicity through overt consumption of intracellular reduced
glutathione (Tarze et al., 2007). It is also possible that selenium interferes with enzyme
activity, particularly by catalytic oxidation of sulphyhydryl (thiol) groups involved in
oxidative metabolism within cells and thereby interfere with biosynthesis of essential
molecules and DNA repair (Reilly, 1996). Furthermore, exceeding the tolerable upper
intake level of 400 micrograms per day can lead to selenosis (Gutric and Piccano,
1995).

2.11 Determination of total selenium, selenium species and trace elements

The determination of selenium and trace elements in biological materials is a
particular challenge because of its often very low concentrations and the ease with
which it can be lost during sample preparation (Reilly, 1996). However, the commonly
techniques for determination of selenium and trace elements in biological samples with

high sensitivity and selectivity such as electrothermal atomic absorption spectrometry
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(ETAAS), hydride generation absorption spectrometry (HG-AAS) (Hegedis et al.,
2008), graphite furnace atomic absorption spectrometry (GF-AAS) (Zheng et al., 2000),
inductively couple plasma atomic emission spectroscopy (ICP-AES) (lwashita et al.,
2006), gas chromatography atomic emission detector (GC-AED) (Kahakachchi et al.
2004) and electrospray ionization mass spectrometry (ESI-MS) (Hymer and Caruso,
2006). However, they can determine only the total concentration of selenium which this
information is not sufficient for identify the real toxicity or biological function of
selenium because selenium was occurred in several species in environmental and
biological system (Robles et al., 1999). Thus, the higher efficiency analytical technique
was developed for selenium speciation analysis by using several separation techniques
such as gas chromatography, high performance chromatography, field flow
fractionation and capillary electrophoresis combine with the traditional elemental
techniques such as HG-AFS, ICP-OES and ICP-MS (Goémez-Ariza et al., 1998;
Michalke and Schramel, 1998; Lobinski and Szpunar, 1999). Although, several couple
techniques such as HPLC-HG-AAS, HPLC-ICP-AES, GC-ICP-MS, CE-ICP-MS, FFF-
ICP-MS and other techniques were successfully developed for selenium speciation
analysis. Several reports suggest that, the coupling between HPLC and ICP-MS or
HPLC-ICP-MS by using HPLC as separation unit and ICP-MS as detection unit could
determine selenium species with high sensitivity, selectivity and low limit of detection.
Therefore, HPLC-ICP-MS is more wildly used to determined selenium species and
other element species in various samples (Sutton and Caruso, 1999; Waddell et al.,
2005).

2.12 Selenium-enriched plants product storage

The most research about selenium-enriched plants studies in the part of total
selenium, selenium species and antioxidant of selenium. The selenium-enriched plants
product storage have been very few studies. However, the storage condition is important
for the stability of organic selenium in plants. Thus, the stability and shelf life of
selenium-enriched plant were studied. The most common indicators of selenium-
enriched plants product storage influenced by storage time (expressed in days) and

conditions (temperature and container materials).
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A study by Zheng et al. (2002) demonstrated that the stability of five selenium
compounds such as selenate, selenourea, trimethylselenonium ion, selenomethionine
and selenoethionine stored at -20 °C, 4 °C and ambient temperature (ca. 25 °C) in the
dark without addition of any stabilizing reagent. These results show that the general
trend is the lower temperature used for storage found the higher stability of selenium
species when other conditions such as light, acidity and container material are kept

constant.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Research designs

In this research, the experiments was designed as Figure

3.1

Productionand selenium speciation of selenium-enriched kale seedling

Cultivation Sample preparation Determination
|__| Selenium supplemented Sample digestion Total selenium
concentration
Sample extraction Selenium speciation
Cultivation time
Mineral analysis
Growth rate
Effect of sulfate ion
Reuse of medium solution Antioxidant Product storage condition
activity
Materials
DPPH radical
scavenging method Temperature
Time
FTC method

Figure 3.1 The schematic of this research

3.2 Materials, instruments and apparatus

Kale (Brassica oleracea var. alboglabra L.) was used for selenium-enriched

plant samples. The materials were used in this work as follows:
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3.2.1 Materials and apparatus for cultivation
3.2.1.1 Chinese kale seeds (Chia Tai Company Limited, Thailand)
3.2.1.2 Shelf (shown in Figure 3.2)
3.2.1.3 Plastic pot (35 x 40 x 30 cm)
3.2.1.4 Sponge (2.5 x 12 x 30 cm)
3.2.1.5 Air pump (Yamano AP-30)
3.2.1.6 Fluorescent lamp (36 W, Toshiba)

3.2.2 Instruments and apparatus for digestion
3.2.2.1 Water bath (maximum temperature 99.99 °C, Model TW 12, Julabo,

Germany)

3.2.2.2 Micropipette (100-1000 pL, Gilson, France)
3.2.2.3 Analytical balance (TC 254, Denver Instrument Company)
3.2.2.4 Filter paper No.1 (particle size 11 um, Whatman, England)

3.2.3 Instruments and apparatus for extraction
3.2.3.1 Water bath (temperature 70 °C, Model TW 12, Julabo, Germany)
3.2.3.3 Analytical balance (TC 254, Denver Instrument Company)
3.2.3.4 Filter paper No.1 (particle size 11 um, Whatman, England)

3.3 Chemicals and reagents

All chemicals and reagents used in this work were of AAS grade and AR

grade. The description of all chemicals and reagents used are shown in Table 3.1
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Table 3.1 The description of chemicals and reagents used in this work

Name Formula Molar mass Density Grade Company
(g mol™) (@mL™)
Copper standard solution Cu 63.54 - AAS Carlo Erba
Ammonium thiocyanate NH4SCN 76.122 - AR Univar
a,a-diphenyl-B-picylhydrazyl C1sH12N506 394.32 - AR Sigma
Boric acid HsBO; 61.83 - AR Carlo Erba
Butylated hydroxyanisol C11H160; 220.35 - AR Fluka
Calcium nitrate Ca(NO3),.4H,0 236.15 - AR BDH
Copper chloride CuCl,.2H,0 170.49 - AR Carlo Erba
Deionized water H.O 18.20 - 18.2 MQecm™ -
Ethanol C,HsO 46.07 0.789 AR BDH
Ethylenediaminetetraacetic acid disodium salt [CH,N(CH,COOH)CH,COONa],.2H,0  372.24 - AR Carlo Erba
Ferrous chloride FeCl, 126.751 - AR Fluka
Hydrochloric acid HCI 36.46 1.18 AR BDH
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid  Cy4 H1g04 250.29 - AR Fluka
Iron (111) chloride hexahydrate FeCl;.6H,0 270.29 - AR BDH
Iron standard solution Fe 55.84 - AAS Carlo Erba
Linoleic acid (ca. 99%) C1sH3.0, 280.44 - AR Fluka
Manganese chloride MnCl,.4H,0 203.31 - AR Carlo Erba
Magnesium sulphate MgS0,.7H,0 246.48 - AR BDH
Manganese standard solution Mn 54.93 - AAS Carlo Erba
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Table 3.1 The description of chemicals and reagents used in this work (cont.)

Name Formula Molar mass Density  Grade Company
(@mol™  (gmL?
Nitric acid HNO; 63.01 1.4 AR Carlo Erba
Potassium nitrate KNO; 101.10 - AR Carlo Erba
Se-methylselenocysteine C4HgNO,Se 192.08 - AR Fluka
Selenomethionine CsH11NO,Se 196.11 - AR Acros organics
Selenocysteine CsH12N204Se; 334.09 - AR Acros organics
Sodium molybdate Na;M00,4.2H,0  241.95 - AR Carlo Erba
Sodium selenite Na,SeO; 172.94 - AR Fluka
Zinc chloride ZnCl, 136.30 - AR Carlo Erba
Zinc standard solution Zn 65.38 - AAS Carlo Erba
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3.4 Instruments and apparatus

The inductively coupled plasma-mass spectrometer (Perkin-Elmer SCIEX,
Norwalk, USA) with a double-pass Scott spray chamber fitted with a cross-flow
nebulizer were used for the determination of Se, Cu and Mn in samples. The operating
parameters of ICP-MS using for standard and DRC mode are shown in Table 3.2 and
Table 3.3, respectively. The chromatographic system was consisted of a Dual pump KP-
11 (Ogawa & Co., Ltd., Kobe, Japan), a syringe-loading injector (Model 9725i,
Rheodyne six-port inject valve) with a 120 pL sample loop. The reversed phase column
is Inertsil® C18 (Tokyo, Japan, 250 x 4.6 mm I.D., 5 um particle size). The
chromatographic system was connected to ICP-MS instrument with 300 mm of PEEK
(polyether ether ketone) capillary tubing (0.25 mm 1.D.). All types mobile phase were
filtered through nylon membrane filters (0.45 um, 47 mm, Whatman International Ltd.,
UK) and sample extracts were filtered through nylon syringe filter (0.45 pm, 13 mm
I.D., Agela Technalogy, USA) prior to use. The flame atomic absorption spectrometer
(FAAS) coupled with a 10 cm long slot-burner head, a lamp and an air-acetylene flame
were used for Zn, Fe, Ca, Mg, Na and K determination. The operating parameters for
AAS are shown in Table 3.4

Table 3.2 The operating parameters of ICP-MS using for standard mode

Parameters Setting
Instrument Elan DRC-e (Perkin—Elmer SCIEX. Norwalk, CT, USA)
Standard mode External standard
Nebulizer gas flow 0.95 L min™
Auxilary gas flow 1.10 L min*
Plasma gas flow 17 L min™

Lens voltage 5 Volt

ICP RF power 1200 W

Pulse state voltage 1200 Volt
Interface Ni cones

Mass analyzer Quadrupole
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Table 3.3 The operating parameters ICP-MS using for dynamic reaction cell mode

Parameters Setting
Instrument Elan DRC-e (Perkin—Elmer SCIEX. Norwalk, CT, USA)
Standard mode External standard
Nebulizer gas flow 0.95 L min™
Auxilary gas flow 1.10 L min*
Plasma gas flow 15 L min™

Lens voltage 5 Volt

ICP RF power 1200 W

Pulse state voltage 800 Volt
Interface Ni cones

Mass analyzer Quadrupole

RPa 0.10

RPq 0.70

Cell gas A 0.60

Table 3.4 The operating parameters of flame atomic absorption spectrometer (FAAS)
for determination of Zn, Fe, Ca, Mg, Na and K

Parameters Zn Fe Ca Mg Na K
Wavelength (nm) 219.3 248.3 422.7 285.2 589.0 766.5
HC lamp current
(MA) 4 8 6 4 6 5
Slit width (nm) 0.5 0.2 0.5 0.5 0.5 0.5
Fuel gas flow rate 2 2 2 1.6 1.6 1.9

0 .
1% absorption 0.02 01 008 0007 002 004
concentration (mg/L)
Type of flame /ZA\IF/C2H /ZA\IF/C2H ?If/CzH /:\IF/C2H ;AII'/CZH ;AII'/CzH
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3.5 Experimental

The experimental of this work has been classified to 4 main parts as follows;
3.5.1 Selenium-enriched kale seedling cultivation with hydroponic
system
The hydroponic system was used for cultivation of selenium-enriched
kale seedling. The system consists of shelf, pot, air pump, sponge, fluorescent lamp and

timer as shown in Figure 3.2

Airpump

Fluorescent lamp

(c) T T IS

(b)

o |

Figure 3.2 The schematic of hydroponic system; (a) plastic pot, (b) sponge,
(c) kale seeds and (d) shelf

3.5.1.1 The effect of selenium supplemented concentration in

nutrient solution
Kale seeds (Brassica oleracea var. alboglabra L.) were selected for
selenium-enriched kale seedling production. The cultivation was begun by soaking the
kale seeds in tap water about 15 hours before planting. After that, kale seeds were
planted into sponges and watered daily with tap water. After 1 week, kale sprouts were
attained optimal growth, selenium supplementation were started. The selenium in form
of sodium selenite (Na,SeOs3) was supplemented in 10 L of Hoagland’s solution which
was prepared as described in Table 3.5-3.7. Hoagland’s solution were prepared with
deionized water. The concentration of selenium in solution was varied as 0, 5, 10, 15,

30 and 45 mg Se L. After 15 days of cultivation time, selenium-enriched kale seedling
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were harvested and washed with deionized water to exclude contamination from the
surface. Then, selenium-enriched kale seedling were dried at 70 °C in oven to a constant
weight and grind. The dried selenium-enriched kale seedling were milled with grinder
and stored at 4 °C before determination. The suitable selenium supplemented
concentration was gave the highest selenium accumulation and good growth rate in kale

seedling when compare with other selenium supplemented concentration.

Table 3.5 The preparation of Hoagland’s solution (adapted) in 100 L

Chemical Stock Solution (g) Stock Solution (mL)
MgS0O,.7H,0 49.30 -
Ca(NO3)2.4H,0 118.60 -

KH,PO, 13.60 -

KNO;3 50.56 -
Micronutrient Table 3.6 100
Fe.EDTA Table 3.7 200

Table 3.6 The preparation of Micronutrient solution in 1 L

Chemical Stock Solution (g)
H3BOs 2.86
MnCl,.4H,0 1.81
ZnCl, 0.11
Na;Mo00,4.2H,0 0.025
CuCl,.2H,0 0.05

Table 3.7 The preparation of Fe-EDTA solution in 1 L

Chemical Stock Solution (g)
FeCl;.6H,0 135
EDTA 22.4
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3.5.1.2 The effect of cultivation time
The cultivation time of selenium-enriched kale seedling were designed at
5, 10 and 15 days of cultivation time. The samples were harvested in 5, 10 and 15 days
of cultivation time. After that, the selenium accumulation, selenium species,
biotransformation and growth rate were studied. The cultivation time suitable was found
the highest selenium accumulation, selenium species and growth rate when compare
with other cultivation time.
3.5.1.3 The effect of sulfate ion to selenium-enriched kale seedling
The chemical properties of selenium are intermediate between those of
sulfur (S) and tellurium (Te) and compounds resemble the corresponding sulfur and
tellurium compounds in behavior (Reilly, 1996). Thus, the sulfur as sulfate ion (SO.*)
have been effected to the absorption of selenium in Hoagland’s solution. In this work
was assigned to use MgCl, replace MgSO, in Hoagland’s solution to control the
amounts of sulfur in solution. The concentration of MgSO, and MgCl, were fixed before
selenium supplemented in Hoagland’s solution. Then, the suitable concentration of
selenium (30 mg Se L™) was supplemented in Hoagland solution. The harvesting of
kale seedling were designed at 5, 10 and 15 days of cultivation time.
3.5.1.4 The effect of reuse of medium solution (Hoagland’s solution)
The selenium supplemented concentration (30 mg Se L™) in
Hoagland’s solution was reused for cultivation of selenium-enriched kale seedling. In
this work, cultivated kale seedling with the medium solution at 3 crops which each
crops were cultivated for 15 days and harvested every 5 days of cultivation time. In
addition, the dilution of Hoagland’s solution was varied at %2 and ¥ formulas for
compare the selenium absorption with the reuse of medium solution.
3.5.2 Sample preparation
3.5.2.1 Sample digestion
The selenium-enriched kale seedling sample were prepared by closed wet
acid digestion method using home-made digestion apparatus (Thai Petty Patent No.
6432, 2011) (Figure 3.3). The accurate weight of 0.1 g of dry samples were placed into
the digestion vessel. Then, 3 mL of 65% nitric acid was added (Sittipout, 2012). The
mixture were heated in water bath for 40 minutes and cooled down at room temperature

for 20 minutes. After that, the mixture were made up to 20 mL with deionized water in
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PE bottle and filtered through a filter paper. Finally, the concentration of selenium and
trace elements in each samples were determined with ICP-MS and AAS.
3.5.2.2 Sample extraction

The sample extraction is an important procedure for selenium speciation
as well as HPLC-ICP-MS system. A suitable extraction method should not destroy
selenium species in sample and give high extraction yield. Thus, the extraction with 0.1
M HCI in 10% v/v methanol for selenium speciation in selenium-enriched  kale
seedling sample was performed (Thosaikham, 2009). The accurate weight of 0.1 g of
dry samples were placed into the digestion vessel and added 10 mL of 0.1 M HCI in
10% v/v methanol. Then, the mixture were mixed and sonicated in ultrasonic bath for
10 min. After that, incubated at 60 °C for 8 hours and centrifuged at 5000 rpm for 30
min. The supernatant of the mixture were transferred into polyethylene bottle and
diluted with mobile phase solution. Finally, sample extracts were injected to the
introduction system of ion-paired reversed phase HPLC-ICP-MS.
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Figure 3.3 The schematic of home-made digestion apparatus comparison; (a) heating
source, (b) water stream controller system, (c) sample and chemical
container and (d) cooling system (Thai Petty Patent No. 6432, 2011)
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3.5.3 The optimization of selenium-enriched kale seedling product storage
conditions

The dried selenium-enriched kale seedling (30 mg Se L™ for 15 days of
cultivation time) powders were stored in the difference container material (polystyrene
(PS) bottle, polyethylene (PE) bottle, polycarbonate (PC) bottle, Low-density
polyethylene (LDPE) ziplock bag and aluminium foil bag) at difference temperature (4
°C and room temperature) and difference storage time (6, 12, 18 and 24 months). The
stability and shelf life of selenium-enriched kale seedling were studied.

Furthermore, the dried sample powders were stored in desiccator with
difference container material (polystyrene (PS) bottle, polyethylene (PE) bottle,
polycarbonate (PC) bottle, Low-density polyethylene (LDPE) ziplock bag and
aluminium foil bag) and difference storage time (6, 12, 18 and 24 months).

3.5.4 Antioxidant activity of selenium-enriched kale seedling

3.5.4.1 Preparation of selenium-enriched kale seedling extracts

The extraction procedure was adapted from Xu et al. (2004). The
accurate weight of 1 g of dried sample was extracted with 30 mL of distilled water or 30
mL of 75% ethanol. The extractions were conducted in a water bath with a constant
temperature of 60 °C for 3 h. Each sample was extracted three times with the same
volume of solvents. The mixture was filtered and combined. Finally, the filtrate was

evaporated to dryness in vacuum and kept frozen for antioxidative assays.

3.5.4.2 Determination of DPPH radical scavenging activity

The DPPH radical scavenging method was adapted from Xu et al.
(2003). The antioxidant activities of selenium-enriched kale seedling extracts, BHA and
Trolox were measured in terms of hydrogen donating or radical scavenging ability.
Three mL of sample extracts, BHA and Trolox were placed in cuvettes. After that, 1 mL
of a 2x10* mol L™ ethanolic DPPH solution was added. The decrease in absorbance
was determined at 517 nm and continuously measured for 10 min until the reaction
reached steady state. The percentage of DPPH remaining at the steady state was
calculated as a function of the molar ration of antioxidant to DPPH. The ICs, value,
can be calculated for a given antagonist by determining the concentration needed to
inhibit half of the maximum biological response of the agonist. All of the tests were

performed in triplicate and the results were averaged.
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3.5.4.3 Determination of antioxidant activity with the FTC method

The FTC method was adapted from Xu et al. (2004). Two mL of 1000
mg L™ sample extracts and 2 mL of 200 mg L™ antioxidants, 2 mL of 2.51% (w/v)
linoleic acid in ethanol, 4 mL of 0.05 mol L™ phosphate buffer (pH 7.0) and 2 mL of
distilled water were mixed in a 10 mL vial with a screw cap. Then, the mixture was
kept in a 40 °C water bath in the dark. After that, 0.1 mL of the above mixture was
added to the mixture of 9.7 mL of 75% (v/v) ethanol and 0.1 mL of 30% (w/v)
ammonium thiocyanate. After 5 min, 0.1 mL of 0.02 mol L™ ferrous chloride in 3.5%
(v/v) hydrochloric acid was added to above mixture and then kept in a 40 °C water
bath in the dark. The absorbance of the mixture was measured every 24 h at 500 nm
until an unchangeable absorbance value arrived. All of the tests were performed in

triplicate, and the results were averaged.
3.6 Data analysis

The chromatographic results were calculated using Tablecurve 2D software
version 5.01 (Hearne Scientific Software Pty. Ltd. Melbourne, Victoria, Australia) for
peak smoothing and Origin 8.1 software (OriginLab, Northampton, Massachusetts,
USA) for chromatograph integration.

All experimental data were expressed as mean + SD. The data of samples
preparation part (fresh weight, dried weight, trace elements concentration, total
selenium accumulation and selenium species) were analyzed for variance (ANOVA)
and significant different among the means from triplicate analysis were set at p < 0.05
by using Duncan's new multiple range test. These were determined by General Linear
Model multivariate range test using the statistical program for social science (SPSS,
Chicago, IL, USA) Version 16.0 for windows.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Hydroponic system

The plant cultivation in soils has been achieved to produce selenium-enriched
plant (Sugihara et al., 2004). Nevertheless, this method is an open system and selenium
contaminated soils from the selenium-enriched production could be an environment
pollution. Hence, the closed system is necessary to produce selenium-enriched plants.
Hydroponic is an interesting method for selenium-enriched plant production by using
mineral nutrient solutions in water or without soil. Terrestrial plants may be grown with
their roots in the mineral nutrient solution only or in an inert medium such as perlite,
gravel, mineral wool or coconut husk (Sugihara et al., 2004; Tsuneyoshi et al., 2006).

In this work, the hydroponic system apparatus was specially designed. It was
constructed with suitable materials and consisted of 6 components; shelf, plastic pot,
sponge, timer, fluorescent lamp and air pump (Figure 3.2). The plant seeds were holded
in styrofoam and directly floated on the nutrient solution. The air pump was used for
supplying the air in the nutrient solution which oxygen could be diffuse to the roots of
plant.

Consequently, the cultivation of selenium-enriched plants in the hydroponic
system was successfully applied for the producing of selenium-enriched kale seedling

because of its easy controlled production.
4.2 The production of selenium-enriched kale seedling

4.2.1 Effect of selenium supplemented concentration and cultivation time
4.2.1.1 Total selenium in selenium-enriched kale seedling
Different cultivation periods and selenium concentrations supplemented
in the medium solution affecting the growth rate of selenium-enriched kale seedlings
were studied. Selenium-enriched kale seedlings cultivated in solutions containing 5-30
mg Se L™ did not affect the growth rate of the kale seedlings (Table 4.1) while the level
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of 45 mg Se L™ in the solution inhibited the growth rate (Figure 4.1) and the
abnormalities in the shape or color were apparent in the kale seedlings. A study by
Lintschinger et al. (2006), demonstrate that the selenium-enriched plants found that the
total selenium and germination decreased at high selenium concentrations or over dose.
However, high enrichment is not restrained by any saturation phenomenon but limited
by the lethal selenium concentration. In addition, when plants are exposed to high
concentration of selenium in their root medium, they may exhibit symptoms of injury
including stunting of growth, chlorosis, withering and drying of leaves, decreased
protein synthesis and premature death of the plant (Terry et al., 2000).

The selenium uptake from different selenium concentrations in the
solutions was determined by measuring the total selenium content in kale seedling
samples. The total selenium content in dried samples with different selenium
concentrations in the solution and cultivation period is presented in Table 4.2. The
results indicated that the total selenium concentration in the kale seedlings increased
with an increase in selenium concentration in the solution and the cultivation period.
The highest total selenium concentration was found in kale seedlings cultivated for 15
days in a solution containing 30 mg Se L™ (386.18+8.16 mg Se kg™). The selenium
concentration in selenium-enriched kale seedling was similar to that in broccoli (Finley
et al., 2000; Finley et al., 2001), but higher than that in carrot, parsley, barley, soybean,
buck wheat (Sugihara et al., 2004; Chan et al., 2009) and malt (Jiakui and Xiaolong,
2004). However, the kale seedling supplemented with 45 mg Se L™ showed that the
total selenium decreased when compared with the solution supplemented with 30 mg Se
L. These results indicated that kale is tolerant to the presence of inorganic selenium up
to 30 mg Se L™ and when cultivation goes beyond 15 days the total selenium
concentration also decreases.

Selenium concentrations in the nutrient medium were also studied by
sampling the solutions every 5 days of the cultivation period. It was shown that the
selenium content in Hoagland’s solution decreased with an increase of supplemented
selenium concentration and cultivation period. The greatest decrease of selenium in the
solution was found in the selenium supplemented 30 mg Se L™ (50.49 mg) for 15 days
(Table 4.3). These results indicated that kale seedlings can uptake the selenium in

Hoagland’s solution and accumulate in the roots, stems and leaves. Consequently, the
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optimum selenium-supplemented concentration was 30 mg Se L™ for the 15 day of

cultivation time.
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Figure 4.1 The length of kale seedling for different selenium supplemented

concentrations and cultivation time
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Table 4.1 Fresh weight and dried weight of kale seedling with different selenium concentrations and cultivation time

) Samples (g * sd)
Se concentration
in solution Fresh weight Dried weight
(mg Se L™
5 days 10 days 15 days 5 days 10 days 15 days

5 120.69A+2.12 14007 +0.29 186.92>"% +0.29 560°4+0.72 6.87°+0.18 9.49*"®+0.69
10 118.32°B+ 065 150.01°B+1.36 184.28%B+0.05 548°A+056 7.97°"+046 9.00°B+0.21
15 84.27°°+0.87 151.67*B+3.46 184.28%%+3.08 4.04°B+039 7.86""+064 9.72*"+0.32
30 8750 +0.77 15665~ +159 187.67*"+1.18 4.46°B+0.15 8.08""+0.05 9.90*~+0.10
45 80.44°E+086 116.67>°+0.34 136.21*C+0.77 4258 +030 540°°+053 6.17*“+0.52

* 20.¢ The difference was significant in row (p < 0.05)

A B.C.D.E The difference was significant in column (p < 0.05)
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Table 4.2 Total selenium contents in dried samples with different selenium

concentrations and cultivation time

Se concentration Se in dried samples (mg Se kg™ + sd)

in solution

(mg Se L™) 5 days 10 days 15 days
5 35.12°°+435  38.28"F+283 4487*F+561
10 48.73%€+5.97 63.15>°+1.86  84.93*°+6.86
15 61.77"% £6.36  119.86*°+4.67 113.40>°+3.74
30 104.07°%+£6.91  338.29""+955 386.18""+8.16
45 102.32>%+1.69 212.76*° +28.65 207.11*%+11.12

* 5. ¢The difference was significant in row (p < 0.05)

A B.C.D.E The difference was significant in column (p < 0.05)

Table 4.3 The selenium concentration decreasing in Hoagland’s solution

Se-enriched e concentration (mg Se/10 L = sd) Decreasing amounts

solutions of Se (mg)
(mgSe L™  Before cultivation  After cultivation g

0 n.d. n.d. n.d.

5 4534 +£2.83 33.41 £ 3.45 11.93
10 95.76 £5.15 66.39 £+ 3.17 29.39
15 158.31 +1.63 139.19+1.13 19.12
30 301.80 +8.99 251.31+6.42 50.49
45 451.18 +13.89 412.22 +5.14 38.88

* n.d. = not detected
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4.2.1.2 Selenium speciation in selenium-enriched kale seedling

The ion pairing reversed phase HPLC-ICP-MS was applied to study
selenium distribution and accumulation in kale seedling. The chromatogram of the
standard selenium species is shown in Figure 4.2-4.4 (a). The predominant form of
selenium in selenium-enriched kale seedling are SeMet, SeMC, unknown 1 (U1) and
unknown 2 (U2), respectively (Figure 4.2-4.4 (b-f)). Unknown 1 content in dried
samples is shown in Table 4.6. Unknown 2 was detected in kale seedlings cultivated in
the solution containing 15 and 30 mg Se L™ for 15 days as 4.95 and 8.12 mg Se kg™,
respectively. SeMet, SeMC and two types of unknown were not obtained in the control
group. A study by Kahakachchi et al. (2004), demonstrated that the concentration of
SeMet was higher than that of other organic selenium, and most of the inorganic
selenium was transformed to organoselenium species. The unknown selenium
compounds (Ul and U2) detected in kale seedling may be an intermediate in the
pathway from SeC to SeMet. SeMet and SeMC were the major organic species in kale
seedling cultivated for 5, 10 and 15 days (Tables 4.4-4.5). However, the selenium-
enriched kale seedling cultivation period extending beyond 15 days found that the
SeMet and SeMC decreased and may be transformed to the other organic selenium
species. Furthermore, the inorganic selenium was not obtained in selenium-enriched
kale seedling for the 15 day cultivation time.

Consequently, the ratios of each selenium species in selenium-enriched
kale seedlings were calculated and are shown in Table 4.7. It shows that almost 80% of
selenium in selenium-enriched kale seedlings were found in SeMC and SeMet forms.
Moreover, most of the previous reports found that SeMC or SeMet was the primary
selenium form in broccoli, garlic (Finley et al., 2001; Cai et al., 1995), Indian mustard
(Yawata et al., 2010; Kahakachchi et al,. 2004), Chinese chives and several plant
sprouts (Sugihara et al., 2004). The present results may be inconsistent with other
results probably due to the different species of plants, selenium source and

concentration, and cultivation conditions.
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Figure 4.2 Chromatograms of standard selenium species; (a) 25 pg Se L™ ; (b) 50 pg Se

L™: (c) 100 pg Se L™ and (d) 200 pg Se L™
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Figure 4.3 Chromatograms of selenium species in selenium-enriched kale seedling from

different enrichment solutions for 5 days of cultivation time; (a) 5 mg Se L
! (b) 10 mg Se L%, (c) 15 mg Se L™ and (d) 30 mg Se L™
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Figure 4.4 Chromatograms of selenium species in selenium-enriched kale seedling from

different enrichment solutions for 10 days of cultivation time; (a) 5 mg Se L
! (b) 10 mg Se L, (c) 15 mg Se L™ and (d) 30 mg Se L™
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Figure 4.5 Chromatograms of selenium species in selenium-enriched kale seedling from

different enrichment solutions for 15 days of cultivation time;
(a) 5mg Se L™, (b) 10mg Se L™, (c) 15mg Se L™ and (d) 30 mg Se L™
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Table 4.4 Selenomethionine content in dried samples for different selenium

concentrations and cultivation time

59

Se concentration

in solution (mg Se L™)

SeMet in dried samples (mg SeMet kg ™ + sd)

5 days 10 days 15 days
5 3.91*"+0.34 2.17"P+0.17 2.35>P+0.38
10 2.40B+0.38 7.22*¢+0.35 7.39*€+0.74
15 1.31+0.20 4.95"P +0.34 6.56* “°+ 0.23
30 2519 +0.17 29.51" A+ 1.59 38.98*"+5.65
45 2.80"B+0.14 20.53*%+2.18 17.34*B+2.13

* 2.0.¢ The djfference was significant in row (p < 0.05)

A B.C.D The difference was significant in column (p < 0.05)

Table 4.5 Se-methylselenocysteine content in dried samples for different selenium

concentrations and cultivation time

Se concentration

SeMC in dried samples (mg SeMC kg ™ + sd)

in solution (mg Se L™) 5 days 10 days 15 days
5 - 0.90" €+ 0.04 5.99* €+ 0.09
10 - 3.65"B+0.06 4.95*©+0.11
15 1.47%€+0.09 3.38"B+0.14 5.34*C+0.26
30 1.96% %+ 0.07 17.86" A+ 0.55 24.38%"+2.16
45 1.27"2+0.14 3.17"B+0.18 13.70> B+ 1.46

* 20.¢ The difference was significant in row (p < 0.05)

A B.C. The difference was significant in column (p < 0.05)
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Table 4.6 Unknown 1 content in dried samples for different selenium concentrations

and cultivation time

Se concentration Unknown 1 in dried samples (mg U1 kg™ + sd)
in solution (mg Se L™) 5 days 10 days 15 days
5 0.29°¢+0.04 1.14%+0.09 1.83*°+0.84
10 1.18" B¢+ 0.39 2.79P+0.38 3.14* P+ 0.17
15 1.84"%+0.32 4.20*+0.39 4.38*+0.62
30 6.11°"+0.67 12.04>%+0.78 14.82*"+1.82
45 5.16" *+ 0.87 9.68*%+0.75 9.66* ®+ 0.61

* 20.¢ The difference was significant in row (p < 0.05)

A B.C.D.E The difference was significant in column (p < 0.05)

Table 4.7 Total selenium concentration and ratio of selenium species in selenium-

enriched kale seedling with selenium supplemented 30 mg L™

Items

Total Se concentration (mg Se kg™) 386.18

Ratio of Se species (% of total Se)
Selenomethionine 41.56
Se-methyselenocysteine 34.70
Unknown 1 15.82
Unknown 2 7.91
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4.2.1.3 Macronutrient and Micronutrient in selenium-enriched kale
seedling

The macronutrient and micronutrient were essential for growth rate of
kale seedling such as photosynthesis of plants, absorption of plants food and the disease
resistance of plants. Determination of macronutrient (Ca, Mg, Na and K) and
micronutrient (Cu, Zn, Mn and Fe) in selenium-enriched kale seedling were done by
ICP-MS and FAAS technique. Cu and Mn were determined by ICP-MS with DRC
mode and other elements were determined by FAAS technique.

The result showed that all elements concentrations were increased when
compared between before and after cultivated excepted Zn (Table 4.8). The study by
Kabata-Pendias (2011) and Chan et al. (2009), demonstrated that the high selenium
concentrations inhibit the absorption of metals, mainly Zn and Cd. These relationships
are dependent on the ratio between the elements and therefore stimulating effects of
high selenium levels on uptake of some trace metals may sometimes be expected. The
Zn decreasing have effected to growth rate of kale seedling. Because, Zn is required in a
large number of enzymes and plays an essential role in DNA transcription. A typical
symptom of Zn deficiency is the stunted growth of leaves. These cause found that the
growth rate of selenium-enriched kale seedling was inhibited at high selenium

concentration supplemented in nutrient solution.
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Table 4.8 Trace elements concentration in selenium-enriched kale seedling

Elements concentration (mg kg’ + sd)

Elements
Before cultivation After cultivation

Macronutrients

Ca 26.12" +1.59 46.00° +3.43

P 18.96° +1.13 59.45% +0.93

Mg 9.04° +0.30 10.48% +0.26

Na 17.10° +1.11 19.20% +0.96

K 16.29° +0.89 57.74* +2.00
Micronutrients

Cu 422 052 420 +0.16

Zn 0.073% £ 0.004 0.063" +0.004

Mn 77.41° +2.18 176.01* + 4.85

Fe 0.081° + 0.007 0.207* + 0.012

* 2P The difference was significant in row (p < 0.05)

4.2.2 The effect of sulfate ion in nutrient solution

Sulfur (S) is one of the six micronutrients required by plants and is found in
the amino acids such as cysteine and methionine. When considers that sulfur in plants is
only 3% to 5% as abundant as nitrogen. The transport of sulfur as sulfate ion (SO.*)
occurs across several membrane systems and distributed within cells of plant (Leustek
and Saito ,1999). In this work, magnesium sulfate was the one of nutrient used in
nutrient solution. It consists of magnesium and sulfur and both chemicals are
micronutrients of plants. Thus, the effect of sulfate ion was studied by comparison the

magnesium sulfate with magnesium chloride in nutrient solution.
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4.2.2.1 The growth rate of kale seedling

The growth rate of kale seedling when supplemented with 30 mg Se L™
in nutrient solution was studied. The nutrient solution was prepared base on two sets of
mixed solution of magnesium sulfate and magnesium chloride. The magnesium salts
were selected for the preparation of nutrient solution. The growth rate of kale seedling
as average fresh weight per 1 tree of selenium-enriched kale seedling (n=20) with
different corps and nutrient solutions are shown in Table 4.9. In Table 4.10 show the
fresh weight, dried weight and percentage moisture of different corps and nutrient
solutions. In Table 4.9 and Table 4.10 indicated that the growth rate of kale seedling in
the solution of magnesium sulfate and magnesium chloride did not significant different
at p < 0.05. In this work, selenium in form of sodium selenite was used for selenium-
enriched kale seedling. The selenite absorption was not inhibited by sulfate ion in the
nutrient solution. Whereas, the absorption of selenate was clearly inhibited by sulfate
ion in the nutrient solution (Tsuneyoshi et al. 2006). Thus, in the solution of magnesium

sulfate and magnesium chloride did not effect to growth rate of kale seedling.
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Table 4.9 The average fresh weight per 1 tree of selenium-enriched kale seedling (n=20)

with different solutions and crops

Cultivation

Crops

time (day)

Average fresh weight (g/1 tree * sd)

MgSO.

MgC|2

5

10

15

0.1082%F + 0.0124
0.1327*B + 0.0133

0.1425°A + 0.0103

0.1059*P+ 0.0151
0.1312*B+ 0.0132

0.1452%"+ 0.0163

5

10

15

0.1129*P + 0.0123
0.1267*C + 0.0159

0.1387*"8 + 0.0165

0.1069”P + 0.0171
0.1255*C + 0.0182

0.1395* +0.0114

5

10

15

0.1088*F + 0.0174
0.1268*C +0.0116

0.1343B+0.0122

0.1072*° + 0.0124
0.1257*C + 0.0192

0.1432*" +0.0163

* 2P The difference was significant in row (p < 0.05)

A B.C.D.E The difference was significant in column (p < 0.05)
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Table 4.10 The fresh weight, dried weight and percentage moisture of selenium-enriched kale seedling which grown in MgSO,4 and MgCl,

and different crops

Selenium-enriched kale seedling

Cultivation MgSO, MgCl.
Crops )
time (day) _ . _ . . . . .
Fresh weight Dried weight % moisture Fresh weight Dried weight % moisture
(g £ sd) (g £ sd) (g £ sd) (g £ sd)
5 51.14+2.54 2.14 £ 0.09 95.82 5294 +221 2.29+£0.15 95.67
! 10 53.35+2.73 2.23+£0.13 95.82 53.38 £2.63 2.45+0.08 95.41
15 54.19 £2.98 2.43+0.12 95.52 54.53 £ 2.52 2.56 £ 0.13 95.31
5 49.35 + 2.69 1.89+0.14 96.17 50.99 +2.48 1.98 +0.12 96.12
2 10 50.54 £2.93 1.96 +0.11 96.12 51.23+2.62 2.16 £0.14 95.78
15 51.87+2.74 2.19+£0.12 95.78 53.78 £ 2.85 2.37£0.09 95.59
5 49.89 +1.93 1.94+0.16 96.06 50.27 £1.83 2.16 £0.17 95.70
3 10 50.65 + 2.89 2.19+£0.14 95.68 5146 +2.11 2.21+£0.08 95.71
15 52.12+2.35 2.28£0.08 95.63 53.23 £ 2.65 2.33+£0.18 95.62

> Mahasarakham University

99



66

4.2.2.2 Effect of sulfate ion to total selenium contents in selenium-
enriched Kkale seedling supplemented with 30 mg Se L™
Selenium is intermediate between those of sulfur (S) and tellurium (Te)
and compound resemble the corresponding sulfur and tellurium compounds in behavior
(Reilly, 1996). Thus, the sulfur as sulfate ion has been affected to the absorption of
selenium in nutrient solution. The selenium uptake in selenium-enriched kale seedling
with different nutrient solution (solution of sulfate ion in form magnesium sulfate and
no sulfate ion in form magnesium chloride) was determined by measuring the total
selenium contents in kale seedling samples. The results indicated that sulfate ion did not
affect to selenium (sodium selenite) absorption and total selenium contents in kale
seedling samples. Furthermore, a study by Tsuneyoshi et al. (2006), demonstrated that
selenite uptake was not inhibited by sulfate ion in the nutrient solution. Whereas, the
absorption of selenate was clearly inhibited by sulfate ion in the nutrient solution. Thus,
the magnesium sulfate can be used to prepare the nutrient solution for selenium-
enriched kale seedling.
4.2.3 The reuse of medium solution
The cultivation of kale seedling with the medium solution supplemented
with 30 mg Se L™ at 3 crops which each crops were cultivated for 15 days and
harvested every 5 days of cultivation time was studied. The total selenium,
macronutrient and micronutrient contents in Hoagland’s (medium) solution for 15 days
of cultivation time with different crops are shown in Table 4.11. In Table 4.11 found
that the total selenium, macronutrient and micronutrient contents in Hoagland’s
(medium) solution decreased when compared with each crops. Whereas, the total
selenium, macronutrient and micronutrient contents in dried samples for 15 days of
cultivation time decreased when compared with each crops (Table 4.12) and the
decreasing of elements showed almost the same patterns of Hoagland’s (medium)
solution. These results indicated that the reuse of medium solution found the essential
elements for the plants growth decreased and inappropriate for selenium-enriched kale

seedling cultivation.
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Table 4.11 Total selenium, macronutrient and micronutrient contents in Hoagland’s

solution for 15 days of cultivation time with different crops

67

Elements concentration (mg L™ + sd)

Elements
Crop 1 Crop 2 Crop 3

Se 2243+ 151 18.02 +1.29 1254 +1.14
Mn 0.51 0.03 0.45+0.03 0.38 + 0.02
Cu 0.39 +0.03 0.29 + 0.03 0.21+0.02

Fe 2.23 +0.04 1.95 + 0.06 1.31+0.12

Zn 0.15 + 0.02 0.14 + 0.01 0.12 +0.01

Ca 44452 + 19.64 310.39 + 7.36 224.98 + 13.00
Mg 90.50 + 5.19 62.77 + 1.64 36.51 + 2.26
Na 179.67 + 8.78 147.57 + 8.95 124.59 +12.35
K 173.33 £ 11.41 155.50 + 9.57 122.64 +11.99
P 63.14 + 3.03 55.84 +2.21 47.04 + 4.38

> Mahasarakham University



68

Table 4.12 Total selenium, macronutrient and micronutrient contents in dried selenium-

enriched kale seedling for 15 days of cultivation time with different crops

Elements concentration (mg kg™ + sd)

Elements
Crop 1 Crop 2 Crop 3

Se 668.96 + 10.98 576.51 +38.70 491.28 + 21.65
Mn 89.34 + 4.43 76.45 + 4.57 61.67 +6.09
Cu 145.65 £ 5.33 127.87 £ 3.68 108.73 £ 10.26
Fe 148.00 £ 4.90 140.34 £ 741 11759 £5.11
Zn 262.51 +6.03 220.68 = 3.35 175.98 £ 5.55
Ca 35.12 +1.40 28.94 +9.84 25.50 +16.10
Mg 18.31 £ 0.97 15.03+1.12 11.93+0.90
Na 41.51 +£1.09 34.34 +£1.60 30.24 £ 0.60
K 47.85+0.99 39.42 + 0.88 29.15+2.11
P 6.69 + 0.38 5.59+0.19 477 +0.35
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4.3 The stability and shelf life of selenium-enriched kale seedling in different

container materials

The stability and shelf life of selenium-enriched kale seedling were studied.
Dried selenium-enriched kale seedling (supplemented with 30 mg Se L™ for 15 days of
cultivation time) powders were used. The sample powders were stored in different
container materials (polystyrene (PS) bottle, polyethylene (PE) bottle, polycarbonate
(PC) bottle, Low-density polyethylene (LDPE) ziplock bag and aluminium foil bag),
temperature (4 °C and room temperature), storage time (6, 12, 18 and 24 months) and in
desiccator.

The effect of the container material at different storage temperature and times
was evaluated. The loss of selenium amounts are illustrated in Figure 4.5. The results
indicated that the PE and PC bottle induced severe losses of the total selenium and
organic selenium after the storage time only 6 months. Whereas, PS bottle, LDPE
ziplock bag and aluminium foil bag found the amounts of organic selenium higher than
PE and PC bottle (Table 4.13-4.21). These results can be related to the possible
adsorption of organic selenium on the container walls. This behavior is only apparent in
the polyethylene containers (Olivas et al., 1998).

The effect of temperature on the stability and shelf life of selenium-enriched
kale seedling was studied. Table 4.13-4.21 shown the amounts of selenium species and
unknown with different temperature and storage in desiccator. The results indicated
that at temperature 4 °C found the loss of organic selenium and unknown lower than
room temperature and in desiccator which decreased regularly when increased the
storage time. A study by Olivas et al. (1998), indicated that the samples kept frozen at -
20°C in the polyethylene vials displayed a loss of organic selenium similarly to the
other temperature conditions (4°C and 20°C) along with decrease of selenoamino acid.
Furthermore, a study by Hwang et al. (2012), demonstrated that the results of
refrigeration at 4°C can help preserve the nutritive value of Korean cabbage (Brassica
campestris L. ssp. pekinensis) by maintaining high levels of glucosinolates and other
bioactive compounds.

Finally, the container material, temperature and storage time are the most

influential parameter. The results indicated that the different storage times, container
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materials, temperature and in desiccator affected to the total selenium, stability and
shelf life of organic selenium species decreased. It shows that the total selenium
decreased when increased the storage time (Table 4.22-4.24), at storage time for 6
months found the total selenium decreased lesser than other storage times. The
percentage decreasing of total selenium with difference container materials, temperature
and storage time shown in Table 4.25-4.27. The percentage decreasing of total selenium
increased when increased the storage time. These results relationship with organic
selenium species decreased in dried sample. A study by Olivas et al. (1998),
demonstrated that the rapid loss of SeC, SeMet and TMSe" was observed under any
conditions in polyethylene vials at high temperature. Thus, the optimum condition for
the stability and shelf life of selenium-enriched kale seedling were obtained with PS

bottle, LDPE ziplock bag and aluminium foil bag at 4°C for 6 months.
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Table 4.13 Selenomethionine content in dried samples with different container materials

and times storage at 4 °C

SeMet in dried samples (mg SeMet kg ™ + sd)

Materials Times (month)

6 12 18 24
PS bottle 25.69**8 +0.12 20.69"+0.72 16.07°®+0.29 8.87"*®+0.18
PE bottle 2432*€+065 19.48°°+056 15.01°°+136 7.97"8+0.46
PC bottle 23.27°P +0.87 18.04°°+0.39 15.67°®°+346 7.86"%+0.64
LDPE ziplock bag ~ 25.50°®+0.77 20.46°®+0.15 15.65°°+1.59 8.08%%+0.05
Aluminium foil bag  26.44*4+0.86 21.25°+0.30 17.67°*+0.34  9.40°*+0.53

*20.¢.dThe difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)

Table 4.14 Selenomethionine content in dried samples with different container materials

and times storage at room temperature

SeMet in dried samples (mg SeMet kg ™ + sd)

Materials Times (month)
6 12 18 24
a,AB b,B c,A d,A

PS bottle 2209 +0.32 1719 £0.2 1334 +022 582 =045
a,B b,C c,B da,B

PE bottle 2112 +0.35 1540 +056 11.01 +£136 497 =+0.96
a,B b,C c,C d,B

PC bottle 21.27 +0.87 15.04 +0.39 1023 +1.16 4.86 +0.44
a,B b,D c,C d,AB

LDPE ziplock bag 2150 +0.17 1416 +0.19 1065 =+1.09 508 +0.15
a,A b,A c,B d,AB

Aluminium foil bag 23.44 +0.86 1825 =041 1121 =+0.14 540 0.3

* 20,60 The difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)
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Table 4.15 Selenomethionine content in dried samples with different container materials

and times storage in desiccator

SeMet in dried samples (mg SeMet kg ™ + sd)

Materials Times (month)
6 12 18 24
a,AB b,A c,B d,B

PS bottle 23.32 +£0.18 19.69 +0.52 1527 +0.21 6.57 £0.23
a,B b,B c,D a,C

PE bottle 2232 +0.35 17.08 +0.43 1365 +1.06 556 +0.51
a,B b,C c,C d,BC

PC bottle 2257 +0.18 16.04 +0.19 1467 =116 536 +0.39
a,B b,B c,B d,AB

LDPE ziplock bag 2246 +0.38 1756 =+0.35 1565 *0.34 7.08 +0.28
a,A b,A c,A d,A

Aluminium foilbag 23.64 +0.36 1925 +130 16.67 +0.18 7.36 =*0.87

*20.¢.dThe difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)

Table 4.16 Se-methylselenocysteine content in dried samples with different container

materials and time storage at 4 °C

SeMC in dried samples (mg SeMC kg ™ + sd)

Materials Times (month)
6 12 18 24
a,B b,A C,A d,A

PS bottle 16.32 +052 1428 +0.52 10.07 +£0.29 4.14 0.56
a,C a,A b,B c,C

PE bottle 1551 +035 1426 +064 811 +0.73 219 +0.35
a,D a,B b,B c,BC

PC bottle 1417 +042 13.04 +£079 767 =046 286 +0.84
a,A b,A C,A d,B

LDPE ziplock bag 1750 £0.39 1416 +0.37 967 =061 3.05 =+0.63
a,A b,AB C,A d,A

Aluminium foil bag 17.41 *056 13.68 +0.27 927 *041 440 =+0.33

* 20,60 The difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)
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Table 4.17 Se-methylselenocysteine content in dried samples with different container

materials and time storage at room temperature

SeMC in dried samples (mg SeMC kg ™ + sd)

Materials Times (month)
6 12 18 24
a,A b,A c,A dA

PS bottle 1112 +£034 841 012 511 +0.19 310 +0.16
a,B b,B c,B d,C

PE bottle 10.08 +0.76 6.11 +£032 410 +0.13 126 +£0.18

a,C b,B c,B d,BC

PC bottle 926 +041 6.04 +£021 367 £032 187 +054
a,AB b,A c,B d,B

LDPE ziplock bag 1038 +0.35 7.81 +0.22 397 +053 211 042
a,A b,A c,AB d,AB

Aluminium foil bag 11.37 +0.32 7.61 *024 427 +021 242 021

*20.¢.dThe difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)

Table 4.18 Se-methylselenocysteine content in dried samples with different container

materials and time storage in desiccator

SeMC in dried samples (mg SeMC kg ™ # sd)

Materials Times (month)
6 12 18 24
a,A b,A C,A d,A
PS bottle 1241 +0.22 1052 £33 712 015 411 £0.23
a,B b,B c,B d,C
PE bottle 11.08 +043 819 £053 510 =043 208 =+0.28
a,C a,B b,B c,C
PC bottle 953 +0.32 808 +051 465 +041 201 =+0.14
a,AB b,A C,A da,BC
LDPE ziplock bag  11.62 +0.31 9.72 +43 653 +0.13 286 +0.18
a,A b,A c,A d,B
Aluminium foil bag 1257 *051 987 +0.32 637 *036 327 =0.11

* 80,69 The difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)
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Table 4.19 Unknownl content in dried samples with different container materials and

time storage at 4 °C

Unknown1 in dried samples (mg kg ™ # sd)

Materials Times (month)
6 12 18 24
a,A b,A C,A dA
PS bottle 10.19 +052 859 +£0.31 517 +031 277 =£0.15
a,AB b,C c,B d,B
PE bottle 941 +053 640 +042 386 +£0.28 197 =£0.46
a,B b,C c,C d,B
PC bottle 868 =+051 6.04 £021 297 +£016 180 =£0.36

d,AB

a,A b,B c,B
LDPE ziplock bag 985 +£034 753 +£023 435 +0.09 218 +£0.14

b,AB

aA cA dA
Aluminium foil bag 1042 +051 820 +£0.26 507 =014 232 +0.13

*20.¢.dThe difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)

Table 4.20 Unknown1 content in dried samples with different container materials and

time storage at room temperature

Unknown1 in dried samples (mg kg ™ # sd)

Materials Times (month)
6 12 18 24
a,A b,A C,A d,A
PS bottle 831 +0.12 659 £024 532 £011 203 =020
a,B b,BC c,C d,B
PE bottle 732 +032 486 +012 306 =+0.18 123 =+£0.06
a,C b,C c,C dB
PC bottle 6.75 +030 424 +013 266 =+012 110 =011

a,Al d,AB

B b,B ¢B
LDPE ziplock bag 793 +0.26 534 =*021 405 =*013 167 +0.13

aA b,B c,B dA
Aluminium foilbag 835 *0.20 520 =030 387 =+0.06 192 =+0.15

* 80,69 The difference was significant in row (p < 0.05)
A B.C The difference was significant in column (p < 0.05)
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Table 4.21 Unknownl content in dried samples with different container materials and

time storage in desiccator

Unknown1 in dried samples (mg kg ™ # sd)

Materials Times (month)
6 12 18 24

a,A b,A b,A C,A

PS bottle 952 +031 6.76 +031 546 +0.13 343 +0.18
a,C b,B c,C d,C

PE bottle 767 012 534 +032 374 +£0.27 187 £0.05
a,C b,C c,D d,C

PC bottle 766 026 465 +021 28 031 179 +0.11
a,B b,B b,B c,B

LDPE ziplock bag 853 +0.31 504 =+0.11 455 £023 237 =0.09
a,A b,B c,BC d,BC

Aluminium foilbag 9.42 +025 543 +0.17 427 018 195 £0.21

*20.¢.dThe difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)
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Table 4.22 Total selenium contents in dried samples with different container materials and times storage at 4 °C

Se in dried samples (mg Se kg ™ + sd)

Materials Times (month)

0 6 12 18 24
PS bottle 386.18*"+ 8.16 328.32"B+7.07 272.93°*+7.69 232.78°"+ 13.83  160.51°" + 5.58
PE bottle 386.18"" + 8.16 316.22°+1.87 253.37%P+ 13.17 218.69%°% £ 20.58 133.21°F+5.60
PC bottle 386.18 >+ 8.16 323.42°2£9.10  246.58%P+ 9.42 219.78%8 + 1461 131.22°®+4.61
LDPE ziplock bag 386.18*" + 8.16 334.68°"+16.14 276.35°" +21.25 229.00°*+7.10  153.36°" +8.76

Aluminium foil bag

386.18*"+ 8.16 318.60°5+ 14.32

250.54°8 + 7,58

227.74%" + 15.31

157.14°* + 1.06

* 2.0.¢.0.¢ The difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)
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Table 4.23 Total selenium contents in dried samples with different container materials and time storage at room temperature

Se in dried samples (mg Se kg ™ + sd)

Materials Times (month)
0 6 12 18 24
A b,A A dA A
PS bottle 386.18" +8.16 20055 +19.73 22561 +12.63 187.86  +1536 13547  + 6.81
a,A b,AB c,C d,AB e,BC
PE bottle 386.18 +8.16 27453 +£257 20876 219 176.50 +10.88 11753 +1.24
A b,C ,.C d,B ,.C
PC bottle 386.18 " +8.16 26227 +17.45 20576 +4.95 170.84 +2.44 114137 +1.04
a,A b,A c,B dA e,B
LDPE ziplock bag 386.18 +8.16 281.76 +1354 216.93 +5.82 181.14 +7.63 123.06 +17.99
a,A b,C c,BC da.c e,AB
Aluminium foil bag 386.18 +8.16 266.03 +2.05 21037 +1.24 15237 +8.81 12856 +5.36

*2.0.¢.d.¢ The difference was significant in row (p < 0.05)

A B.C The difference was significant in column (p < 0.05)

> Mahasarakham University

8.



Table 4.24 Total selenium contents in dried samples with different container materials and times storage in desiccator

Se in dried samples (mg Se kg ™ + sd)

Times (month)

6 12

18 24

Materials
0
A
PS bottle 386.18 " +8.16
A
PE bottle 386.18 " +8.16
A
PC bottle 386.18 " +8.16
a,A
LDPE ziplock bag 386.18 +8.16

a,A
Aluminium foil bag 386.18 +8.16

b.A CA

317.05 +13.80 249.80 +1.39
b,A ¢,B

31056 +23.90 23291 *6.99
b,A c,B

316.03 +6.24 23479 +11.13
b,A c,AB

319.22 +1479 24135 +15.09

b,A c,B
311.17 +11.38 23855 +11.94

d,AB e A

20039 +279 14111 =+£11.25
d,B e,B

197.70 +835 120.11 +£12.12
d,B eB

190.24 +20.65 12157 =124
dA e,A

206.16 £19.87 143.10 +10.86

a,C e,A
17894 +12.27 148.62 +10.99

* 35.6.4.¢ The difference was significant in row (p < 0.05)
A B.C The difference was significant in column (p < 0.05)
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Table 4.25 Percentage decreasing of total selenium in dried samples with different

container materials and time storage at 4 °C

% Decreasing

Materials Times (month)

6 12 18 24
PS bottle 14.92 29.33 39.72 58.44
PE bottle 18.12 34.39 43.34 65.51
PC bottle 16.25 36.15 43.09 66.02
LDPE ziplock bag 13.34 28.44 40.70 60.29
Aluminium foil bag 17.50 35.12 41.03 59.31

Table 4.26 Percentage decreasing of total selenium in dried samples with different

container materials and time storage at room temperature

% Decreasing

Materials Times (month)

6 12 18 24
PS bottle 24.76 41.58 51.35 64.92
PE hottle 28.91 45.94 54.30 69.57
PC bottle 32.09 46.72 55.76 70.45
LDPE ziplock bag 27.04 43.83 53.09 68.14
Aluminium foil bag 31.11 45.53 60.54 66.71
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Table 4.27 Percentage decreasing of total selenium in dried samples with different

container materials and time storage in desiccator

% Decreasing

Materials Times (month)

6 12 18 24
PS bottle 17.90 35.32 48.11 63.46
PE bottle 19.58 39.69 48.81 68.90
PC bottle 18.16 39.20 50.74 68.52
LDPE ziplock bag 17.34 37.50 46.62 62.94
Aluminium foil bag 19.42 38.23 53.66 61.52

4.4 The antioxidant activity of selenium-enriched kale seedling

4.4.1 Antioxidant activity of selenium-enriched kale seedling extracts
assessed by scavenging DPPH radical method
The DPPH radical is considered to be a model of a stable lipophilic radical.
Antioxidants react with DPPH reducing a number of DPPH molecules equal to their
number of available hydroxyl groups. Therefore, the absorption at 517 nm was
proportional to the amount of residual DPPH™ (Xu & HU, 2004). The antioxidant
activity of selenium-enriched kale seedling extracts determined using the DPPH radical
scavenging method was compared with BHA and Trolox (Figure 4.6). The results
showed that the kinetic classification according to the time at the steady state has been
reported as follows: rapid < 5 min; intermediate 5-30 min; and slow > 30 min. During
the first 15 min, however, the reaction between DPPH radical and ethanolic extracts
(Figure 4.6 (a-c)) were rapidly decreased and reached to the steady state in 15 min.
Nevertheless, the reaction of ethanolic extracts reached a plateau in 15 min. The
inhibition percentage of selenium-enriched kale seedling extracts are shown in Table
4.28. The higher inhibition rate is the greater hydrogen-donating ability and thus the

higher antioxidant activity of the selenium-enriched kale seedling extracts. It is optimal
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to calculate the inhibition percentage of antioxidant activity on DPPH at 30 min. It
shows that selenium-enriched kale seedling (30 mg Se (IV) L™ for 15 days) provided
the highest inhibition percentage of 77.42% at 30 min. However, the inhibition
percentage of selenium-enriched kale seedling is lower than Trolox (94.78%) but higher
than BHA (73.09%).

The half maximal inhibitory concentration (ICso) is a parameter used to
measure the antiradical efficiency. The lower ICs is the higher antioxidant power. The
ICso values of selenium-enriched kale seedling extracts, BHA and Trolox were
compared and shown in Table 4.29. The results showed that all of the ethanolic extracts
possessed lower ICsy than aqueous extracts. In addition, selenium-enriched kale
seedling ethanolic extracts (30 mg Se (1V) L™ for 15 days) was the most efficient by the
lowest 1Cso values of 1.07 mg Se mL? among all of the extracts. Thus, the results
indicated that selenium-enriched kale seedling exhibited selenium concentration
dependent scavenging effect on DPPH radical but lower than that of BHA and Trolox.
Therefore, the scavenging effect increased with the increase of selenium concentrations.

4.4.2 Antioxidant activity of selenium-enriched kale seedling extracts
assessed by FTC method

The antioxidant activity of selenium-enriched kale seedling extracts
determined using the FTC method was compared with BHA and Trolox. The results are
shown in Figure 4.7. The individual activity of selenium-enriched kale seedling showed
low absorbance values which indicated a high level of antioxidant activity. All of the
selenium-enriched kale seedling extracts delayed oxidation of linoleic acid. The basis of
low absorbance values exhibited higher activity than control. Furthermore, lipid
inhibitive activities of selenium-enriched kale seedling ethanolic extracts (Figure 4.7 (a-
c)) were higher than aqueous extracts (Figure 4.7 (d-f)). Selenium-enriched kale
seedling extracts with 15 and 30 pg Se mL™ for 15 days of cultivation time displayed
significantly higher activity than control (without antioxidants) and other selenium-
supplemented concentrations but not significantly different with BHA and Trolox. In
addition, the antioxidant activities from FTC method showed almost the same patterns
of activities as the DPPH method.
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Figure 4.7 Kinetic behaviors of radical scavenging activity of selenium-enriched kale
seedling ethanolic extracts (a-c) and aqueous extracts (d-f) with different
selenium concentrations and cultivation time and two antioxidants as
measured by DPPH method; (a,d) 5 days, (b,e) 10 days, and (c,f) 15 days.
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Table 4.28 Antioxidant activity of selenium-enriched kale seedling with different selenium concentrations and cultivation time and

assessed with the DPPH method

Treatments

Inhibition (%), at 30 min

Aqueous extract

Ethanolic extract

Cultivation time

Cultivation time

5 days 10 days 15 days 5 days 10 days 15 days

Kale (control) 54.14 + 1.00 58.24 +£1.08 60.45 + 0.39 61.68 + 0.07 60.77 £ 0.19 64.17 £ 0.21
Kale (5 mg Se L™) 55.17 + 1.24 61.01 + 0.56 63.26 + 0.98 61.64 + 0.19 67.30+179  70.67 +0.49
Kale (10 mg Se L% 57.07 + 1.50 61.42 + 0.88 65.07 + 1.03 61.81 + 0.19 68.27 +158  71.90 +0.37
Kale (15 mg Se L™) 57.28 +1.87 62.91 £ 0.50 69.15 + 0.60 62.37 £ 0.19 73.58 £ 0.18 74.64 £0.43
Kale (30 mg Se L) 57.69 £ 1.58 63.28 £ 0.59 72.51 £ 0.50 62.70 £ 0.32 74.21 +0.18 7742 +0.17
Trolox 94.78 £1.48

BHA 73.09+0.43
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Table 4.29 Radical scavenging activities of selenium-enriched kale seedling with

different selenium concentrations and cultivation time and antioxidants

expressed by ICs

86

ICso (mg Se mL™)

Aqueous extract

Ethanolic extract

Treatments Cultivation time Cultivation time
5days 10days 15 days 5days 10days 15 days

Kale (control) 6.51 7.81 7.01 5.28 3.93 2.69
Kale5mgSeL?) 332  4.03 4.77 218 2.85 2.24
Kale (10mgSeL?) 394 416 3.88 204 244 1.74
Kale (15mgSeL?) 371 227 2.37 209 212 1.46
Kale (30mgSeL?) 332 211 2.04 1.93  1.87 1.07
Trolox 0.0041

BHA 0.0059
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CHAPTER 5

CONCLUSIONS

5.1 The production and determination of selenium-enriched kale seedling

Hydroponic enrichment of selenium in kale seedlings could be a safe and
efficient system of producing organic selenium compounds in kale seedlings. The ICP-
MS and ion pairing reversed phase HPLC-ICP-MS were used for investigation of total
selenium and selenium species in kale seedlings enriched with Se (IV), respectively.
The results from total selenium determination indicated that kale seedlings enriched
with 30 mg Se L™* Se for 15 days of cultivation found the highest selenium
accumulating up to 386.18 mg Se kg™. Speciation study revealed that kale seedlings
enriched with Se (IV) by hydroponic cultivation could be transformed to
anticarcinogenic organic selenium like SeMet and SeMC by almost 80%.

5.2 The effect of sulfate ion in nutrient solution

The study of effect of sulfate ion in nutrient solution on selenium absorption of
kale seedlings with hydroponic system. The comparison of nutrients solution between
the solution of sulfate ion in form magnesium sulfate and no sulfate ion in form
magnesium chloride were studied. It was found that sulfate ion did not affect to
selenium (sodium selenite) absorption and total selenium contents in kale seedling
samples. Since, selenium in form of sodium selenite was used for selenium-enriched
kale seedling. The selenite absorption was not inhibited by sulfate ion in the nutrient
solution. Whereas, the absorption of selenate was clearly inhibited by sulfate ion in the

nutrient solution.
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5.3 The reuse of medium solution (nutrient solution)

The study of reuse of medium solution with 30 mg Se L™ supplemented in
nutrient solution on the selenium and minerals absorption of kale seedling. It was found
that total selenium and mineral contents decreased when nutrient solution repeatedly
used. The results completed for 45 days (3 crops), the highest total selenium,
manganese, copper, iron, zinc, calcium, magnesium, sodium, potassium and phosphorus

were found in 1% generation (crop 1) of selenium-enriched kale seedling.

5.4 The stability and shelf life of selenium-enriched kale seedling in different

container materials

The determination of total element concentrations in selenium-enriched kale
seedling is analyzed immediately after collection with difference conditions. In this
work, the stability and shelf life of selenium species with different temperatures,
container materials and storage time by HPLC-ICP-MS and ICP-MS methods. It is
better to stored the samples in the dark, in the PS bottle, LDPE ziplock bag and
aluminium foil bag containers, at 4 °C. Under these conditions the selenium species
(SeMet and SeMC) were stable within a period of 6 months.

The PE bottle and PC bottle containers induced severe losses of the total
selenium and organic selenium after only 6 months of storage time. PS bottle, LDPE
ziplock bag and aluminium foil bag appears to be losses slightly superior to PE bottle
and PC bottle at 4°C for 6 months of storage time. Thus, the best results for stability and
shelf life of selenium-enriched kale seedling were obtained with container material of

PS bottle, LDPE ziplock bag and aluminium foil bag at 4°C for 6 months.
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5.5 The antioxidant activity of selenium-enriched kale seedling

The antioxidant activity of selenium-enriched kale seedlings were studied by
DPPH radical scavenging and FTC methods. The DPPH assay showed that the kinetic
behaviors of ethanolic extracts reacted quickly while aqueous extracts were complex
and slow with DPPH radical. However, aqueous or ethanolic extracts of selenium-
enriched kale seedling displayed significantly higher antioxidant activity against lipid
peroxidation. Ethanolic extracts of selenium-enriched kale seedling exhibited higher
antiradical efficiencies than aqueous extracts, and selenium-enriched kale seedling
(30 pg Se (IV) mL™ for 15 days) presented the lowest ICsq values of 1.07 mg Se mL™.
Furthermore, selenium-enriched kale seedling obtained by ethanolic extracts exhibited
the highest inhibition percentage of 77.42% at 30 min. However, the inhibition
percentage of selenium-enriched kale seedling is lower than Trolox (94.78%) but higher
than BHA (73.09%).
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APPENDIX A

The percentage relative standard deviation

The percentage relative standard deviation (%RSD) is referred to the

precession of the measurements or the method. It can be calculated using the equation

as follow:
sD
%RSD = —_x 1':"]
X
Where %RSD = percentage relative standard deviation
SD = standard deviation
X =

mean of data measurements

The standard deviation (SD) can be calculated using the equation as follow:

E-Tzl[xi _f.lz
¥ n-1

5D

Where Xi the individual measurements

=]
1l

the number of measurements
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APPENDIX B

Cultivation of selenium-enriched kale seedling

(d)

Figure B The cultivation of selenium-enriched kale seedling with hydroponic system;

(a) kale sprouts for 3 days of cultivation time; (b) kale sprouts for 7 days of cultivation
time; (c) kale seedling for 15 days of cultivation time; (d) hydroponic system
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