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1.0 Introduction

Selenium is one of the rare elements on the earth crust, being about 70™ in abundance.
The evidence of Se as an essential element gathered over time through large number of
observations on the nutritional importance of Se (Schwarz and Foltz, 1957; Combs, 1990;
Whanger, 2002). The atomic weight and number of selenium is known to be 78.96 and 34.0
respectively (Table 1.1). Selenium can occur in four different oxidation states that include
elemental (0); selenide (-2); selenite (+4) and selenate (+6). Organoselenium compounds such as
selenoaminoacids represent important bio-available forms of Se with selenomethionine being
more bioavailable than selenocysteine (Figure 1.1). This aspect is governed by number of factors
that include soil texture, pH, redox potential and organic composition, along with these, other
factors like artificial fertilization, rainfall rate, presence of competitive ions and human activities
are also considerable (Seby et al., 1997). In nature, selenium completes its biogeochemical
cycling through microbes mediated redox reactions leading from all of its oxidation states
(Dowdle and Oremland, 1998). Many micro-organisms especially bacteria (Fellowes et al.,
2013) and fungi (Vetchinkina et al., 2013) are known to biotransform excessive amount of

selenium to its elemental state thereby resulting to detoxification.

Selenide and elemental selenium occur in acidic, reducing and organic rich environment.
The oxidized forms such as selenate (SeO,*) and selenite (SeOs%) are more soluble and easily
absorbed by plants, whereas Se? and Se° are less available (Fishbein, 1991; Banuelos et al.,
2002). Volatile compounds such as dimethylselenide (DMSe) and dimethyldiselenide along with
few toxic methylated species trimethylselenonium ion (TMSe), are found to be less toxic species

of selenium (Lemly, 1997; Pyrzynska, 1998). Selenium possess six naturally occurring stable
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isotopes: "“Se, "® Se, "’Se, ® Se, ¥ Se and ¥ Se. Due to distinctive physical properties of
selenium, it has various uses in manufacturing processes such as in manufacture of glass and
pigments, photoreceptors, semiconductors, as well as in the dry photocopiers. Apart from
manufacturing, considerable amount of Se is used as dietary supplement for humans as well as

farm animals.

Table 1.1. Physical and chemical properties of selenium (Se) (Zingaro and Cooper, 1974)

Important Properties of Selenium

Periodic position Group VIA, Period 4
Atomic number 34
Atomic weight 78.96
Atomic radius (uncharged) 215 pm
Stable isotopes 6
Radioactive isotopes 14
Hardness (relative units) 2
Trigonal (grey), a monoclinic (red), B monoclinic (red)
Allotropic forms Red amorphous, black amorphous, vitreous (black)
Melting point (amorphous) 323 K
Boiling point 958 K
Oxidation states -2,0, +4, +6
Electronic configuration 2-8-18-16
Electronegativity (Pauling scale) 2.54
Entrophy 10.15 cal g/atom
Enthalpies
Fusion 5.10 kJ/mol
Vapourization 26.32 kJ/mol
Bond energy (Se-Se) 44 kcal/mol

Self diffusion coefficients (Trigonal) 3.8 x 10 cm?%s at 308 K
Standard reduction potentials

Se + 2¢" = Se” 0.78 V

Se + 2H" + 2¢ = H,Se (aq.) 0.36 V

Although Se was known for its toxic nature for many decades, its essentiality as a
micronutrient for health is gaining ground extensively. Se is a well reported element for anti-

oxidant properties in humans and animals. A vast section of world’s population has sub-optimal
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Se-intakes; therefore they are exposed to increased risk of many diseases such as cancer, heart

and viral diseases (Combs, 2001).

CH,

OH OH SeH Se

' ' CH CH
HO-Se=0 HO-C=O NH,CHCO,H NH,CHCO,H
selenite carbonate SeCys MeSeCys

H CH

OH 9 OH Se’

0=Se=0 HD-':‘=D 0=5=0 ngnz
OH OH OH  NH,CHEOH

selenate phosphate sulfate SeMet

Figure 1.1. Chemical configurations of inorganic selenium compounds, the related
oxyanions, and organic selenium compounds (MeSeCys - Se-methylselenocysteine; SeCys —
Selenocysteine; SeMet — Selenomethioneine) (Suzuki, 2005)

1.1 Selenium in environment
1.1.1 Global distribution

Selenium is known to be a rare element on earth’s crust with average concentration of only
0.05mg/kg in igneous bedrock (Krauskopf, 1982). The limited resources of this element are due
to the fact that Se does not possess ores from which it can be mined as primary product (STDA,
2006). In general, there is uneven distribution of selenium on surface of earth but the typical
range of distribution of selenium on earth’s surface is found to be from zero to 1250 mg/kg. The
most common oxidized forms of selenium (selenite and selenate) present in soil may also be
present in sedimentary rocks. Moreover sedimentary rocks especially shales and coal contains

high Se (average) concentration than igneous rocks (Krauskopf, 1982).
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The seleniferous/non-seleniferous status of soil can be classified depending on the
selenium level of non-accumulators grown on that soil. Generally, the soil with concentration of
selenium as low as 0.1-0.5mg Se/kg (Ravikovitch and Margolin, 1957; Dhillon et al., 1992) is
considered seleniferous as forages grown on them contain > 4mg/kg which is the maximum
permissible level for human consumption. On the other hand, consumption of feed containing Se

< 0.05-0.1 mg Se/kg may lead to deficiency disorders in animals and humans.

Areas with unusually high Se concentrations include Western United States with maximum
Se content of 98 mg Se/kg (Rosenfeld and Beath, 1964), San Joaquin valley of California, USA
(0.28-2.32 mg/kg) (Severson and Gaugh, 1992) and plains of China containing total Se
concentration of > 3 mg/kg in soil and 42.9 pg/kg in water soluble fractions (Tan et al., 1994).
Similarly, Se in various soils of India such as Punjab, Haryana and Sub—Himalayan regions of
West Bengal are in the range of 0.23 to 10 mg Se/kg (Singh and Kumar, 1976; Dhillon et al.,
1992). Some parts of world like Denmark, Finland, New Zealand, Eastern and Central Siberia,
parts of China, Central Africa, Northern Korea, Nepal and Tibet are known to have a low Se-soil

content (Oldfield, 1999).

1.2 Selenium essentiality and biological profile

The investigation of trace elements is necessary from the view point of nutrition as well as
environmental analysis, since at certain steps of chain of nutrition, the quantity of trace elements
required for normal vital function may get affected to a significant extent. With respect to health
of both animals and humans, selenium in particular is established as an important trace element

as it has two faces i.e. it acts as nutrient as well as a potent toxin.
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The World Health Organization report advises a Se intake of 55-65 pg/day as the average
intake level needed to ensure meeting normative requirements of healthy adults. Similarly, the
upper tolerable range for adults has been proposed to be 400 pg/day (FAO/WHO, 2002).
Selenium in diet may behave as two sided coin i.e. consumption of food containing < 0.1 ug
Se/day leads to deficiency disorders, whereas consumption of food containing > 1 pg Se/day
may result in toxicity. The amount of selenium in environment is getting increased due to human
activities which are furthur dependent on relatively narrow range between essentiality and

toxicity.

Selenium is involved in biological functions through facilitating normal groeth and
development at trace concentration and maintaining homeostatic functions at moderate

concentrations (Hamilton, 2004).

1.2.1 Biological profile of selenium

Selenium plays an important role in conducting various antioxidant reactions in humans as
well as animals. Biochemically, Se is an integral component of antioxidant enzyme glutathione
peroxidase (GSHPx), which in combination with other enzymes such as catalase (Cat),
superoxide dismutase (SOD) as well as vitamin E, protects the cellular components from

oxidative damage by checking peroxide accumulation in tissues.

The biological effects of selenium are exercised through various selenoproteins. Main
selenoproteins recognized include classes of (glutathione peroxidases (GPx), thioredoxin
reductase, iodothyronine 50-deiodinases (IDI), selenoprotein P (SePP) sperm capsule
selenoprotein and selenoprotein W) (Burk and Levander, 1999; Holben and Smith, 1999). The

glutathione peroxidases group furthur consists of cellular glutathione peroxidases (GPX1) and
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phospholipid hydroperoxide glutathione peroxidase (PHGPx: GPx4). Based on location of
selenocysteine in the selenoprotein domain, these are divided into two sections. First group of
selenoproteins include glutathione peroxidases, selenoprotein W and P, wherein selenocysteine is
located at N-terminal of domain. On the other hand in second group, selenocysteine is present at
C-terminal in the function domain. Till date, four different forms of mammalian glutathione
peroxidases (GPx1, GPx2, GPx3 and Gpx4) have been recognized. They are known for their
active antioxidant role in protecting cellular components from oxidative damage by acting as
catalyst in reactions leading to reduction of hydrogen peroxides through oxidation of reducing
glutathione (GSH) to oxidized glutathione (GSSG). Selenoproteins such as formate
dehydrogenase from Escherichia coli (Zinoni et al., 1987), contain selenocysteine residues that
are important for catalysis. Selenium shares similar chemical properties with sulphur, hence
many enzymes cannot distinguish between the two (Stadtman, 1974) however, Selenophosphate
synthetase and selenocysteine lyase strictly distinguish between the selenium and sulphur (Veres
et al., 1994). Selenocysteine lyase shares sequence similarity with NifS, a cysteine desulpharase
(Mihara et al., 2000). Selenoprotein P, the major plasma selenoprotein has role in metal
detoxification as it contains high selenocystine and histidine content. During Se deficiency, the
level of selenoprotein P decreases in humans (Burk et al., 2003). Thioredoxin reductase is widely
known redox selenoprotein that assists many redox-dependent processes. It is one of the proteins
involved in the repair mechanisms essential for DNA synthesis (Tapiero et al., 2003). Many
researchers have carried out extensive studies and reported beneficial effect of supplementation
of dietary Se in prevention and cure of inflammatory diseases resulting from oxidative stress

(Prabhu et al., 2002; Chi-Chen et al., 2009; Desai et al., 2010; Gandhi et al., 2011).
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Selenium plays a crucial role in various mechanisms such as thyroid metabolism, immune
function and redox reactions (Rayman, 2000). Due to high antioxidant status and active role of
Se in metabolism; its deficiency will definitely lead to adverse conditions in human and animal
health. Selenium deficiency in animals causes various diseases such as growth suppression and
reproductive impairment. Several strategies such as selenium fortification of soil and selenium
enriched animal feed have been followed by producers to ensure that animals obtain adequate
amount of selenium (Reilly, 1996). Rarely seen in humans, yet Se deficiency appears as an
endemic cardiomyopathy in adolescent years, the disease being recognized as Keshan disease
(Keshan Disease Research Group, 1979 a,b). It has also been recognized in Se-deficient areas of
China (Levander, 1987), in the form of Kashin-Beck disease. Kashin-Beck disease, which is
characterized by chronic disabling degenerative osteoarthritis reported to affect about millions of
children in China, North Korea and several parts of Russia (Peng et al., 1992). Many chronic
diseases such as cancer, cardiovascular diseases, asthma and many others have been associated
with low Se status (Neve, 1996; Ip, 1998; Rayman, 2000; Brown and Arthur, 2001). Optimum
concentration and activity of selenoproteins is required for prevention of Se-deficiency related
diseases. Diet devoid of selenium affects many biological functions as it is dependent of function
and metabolism of Se-proteins, therefore the risk of getting exposed to many diseases such as
cancer and cardiovascular diseases increases (Navarro-Alarcon and Lopez-Martinez, 2000). A
fatal form of cardiomyopathy prevalent among children in China, known as Keshan disease was
associated with very low levels of selenium in soil (Li, 1985; Levandar and Beck, 1997; Xia et

al., 2005).

Recent findings of human intervention trails (Clark et al., 1996, Yu et al., 1997) have

inspired interest in a cancer preventive role of selenium. Apart from its anti-cancer activity,
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selenium has also been reported to have an anti-viral effect (Baum et al., 1997; Yu et al., 1997;
1999). Patients undergoing chemotheraphy appears to exhibit immune-stimulating effects, when
supplemented with selenium.Various metabolites of selenium results in normal functioning of
cellular growth only through increased levels of enzymes such as glutathione peroxidase and
thioredoxin reductase (Birringer et al., 2002). Increased Se status is also beneficial to corticoid-
dependent asthmatics, as it is associated with decrease in use of cortisteroids in such cases

(Gazdik et al., 2002).

In contrast to a variety of beneficial properties, recent epidemiological studies have
reported that supranutritional selenium intakes along with high plasma selenium concentrations
increase the possibility of developing Type 2 diabetes (Steinbrenner et al., 2011). These
observations thus inferred that high selenium diet could enhance the rate of getting affected with
diabetes; however, at the nutritional level; the effect of selenium is likely to be very different

from the supranutritional level.

1.3 Selenium in seleniferous region- Environment, health and economic perspective

The environmental effects of seleniferous regions around the world have been observed in
animal and human health. The geological effect of seleniferous regions on animal health have
been observed in Queensland, Australia, where seleniferous limestones and shales of the tambo
formation caused selenium toxicity symptoms in livestock grazing in the area (Oldfield, 1999).
Another well reported incidence of Se toxicity through water sources in animals have been
recorded in at Kesterson reservoir, California, USA (Jacobs, 1989; Tokunaga et al., 1996; Wu et
al., 2000) where the developmental deformities in birds included missing eyes, beaks, wings,

legs and hydrocephaly.
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For the past few years, the attention of several workers has been engaged in the study of
the role of Se in Indian soil and plant and its impact on human and animal health. The soils can
be classified as seleniferous or non-seleniferous depending on the Se level of non-accumulators
(cultivated agricultural crops) grown on that soil. The soils containing as low as 0.1-0.5 mg Se/
kg (Ravikovitch and Margolin, 1957; Dhillon et al., 1992) are considered as seleniferous because
the forages grown on such soils contain 0.4 mg Se/kg, i.e., the maximum permissible level for
animal consumption. In India, the Se toxic sites identified included parts of Northwest region of
Punjab (Dhillon and Dhillon, 1991), Haryana (Arora et al., 1975) and some locations in North-
eastern states of Assam and Meghalaya (Dey et al., 1999). Among all the locations identified,
agriculturally rich belt along the border of Nawashahr-Hoshairpur districts of Punjab has gained
prominence due to extensive research and agri-extension activity (Dhillon and Dhillon, 2003a).
The affected villages, covering over 1000 acres are Barwa, Bhano majra, Sikandarpur, Rakkar,
Simbli, Jainpur, Mahenpur and Nazarpur (Dhillon and Dhillon, 1997). Preliminary report on
chronic Se toxicity as a cause of hoof and horn diseases in livestock in seleniferous regions of
Punjab was given by Gupta et al. (1982). Dhillon and Dhillon (2003a), reported that Se content
in hair and nail of intoxicated people was 8-9 times higher than normal people. Limited
observations on human population in Se-rich regions of Punjab state had also shown signs of
toxicity with selenosis in humans, mainly due to consumption of grains and vegetables harvested
from Se-rich agricultural soils (Hira et al., 2003). In general, the common features of selenium
toxicity includes, loss of nail and hair, nausea, diarrhea, garlic odour on breathe, mottled teeth
and abnormalities of nervous system (Surai, 2006). Toxicity to plants was seen in wheat,
sugarcane that exhibited papery snow white chlorosis of leaves with pinkish coloration on the

sheath and lower surface of leaves (Dhillon et al., 1992).
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1.4 Selenium mobilization and biofortification

Although, it has been known since late 1800s that edible flora can accumulate
extraordinary levels of metals and clean-up affected environments, the use of these systems as
nutrient-supplements has been very limited (Guerinot and Salt, 2001). As many of the metals that
can be hyperaccumlated are also essential nutrients, edible plants that accumulate elements such
as selenium, in areas that are mineral deficient, can definitely serve as a natural source of mineral
supplements in case of animals as well as human beings. From many centuries, plants have been
serving as the main source of food, feed and fiber to society. The concept of replacing plants
with chemical or nutrient factories for supplying the directly needed macro and micro-elements
is drawing significant attention towards biotechnology-based, nutritionally fortified food. Wheat,

pulses and certain vegetable crops (among plant foods) are rich sources of selenium.

1.5 Biological properties of Se enriched crops

The increasing knowledge of the effects of selenium containing biological complexes as
anticarcinogenic agents, in recent past, has generated immense interest amongst researchers to
search for the possible suitable methods of delivery to the human population. Investigation of
supplementary methods for quickly delivering these defensive agents through the food system is
an apparent approach to be followed (Whanger, 2002). Among most popular selenium
supplements, Se- enriched yeast is most widely available to the general public; however Se-
enriched garlic has been reported to be two times more effective as Se-rich yeast in the inhibition
of tumor growth (Ip et al., 2000). Similarly, Se- enriched broccoli florets (Finley et al., 2000,
2001; Davis et al., 2002) and enriched broccoli sprouts (Finley et al., 2001), are reported to

reduce colon tumours in rats. Following a similar paradigm, reports by Bhatia et al. (2013) and
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da Silva et al. (2010) indicated that the Se-enriched mushrooms can be considered as an
alternative Se food source for humans, due to their high bioavailability. However, there are
limited reports on such applications, including bioavailability and bioaccessibility, associated
with Se-enriched mushrooms, despite these food systems being known for their health related

properties.

1.6 Agri-residues as source of selenium

A prominent characteristic of the agricultural sector is that the by-products and wastes
greatly exceed the harvestable or marketable components. Now-a-days in developing and
developed countries, agricultural waste is generated in billons of tons each year. Agricultural
residues include all leaves, straw, husks and barbajo (leaves and stalk left in the field after
harvesting). The wastes consist largely of lignocellulosic materials, an abundant and renewable
source of carbohydrates that can be converted into added value products. In agriculturally rich
states like Punjab in India, with major produce in the form of wheat and rice, the agricultural
activity generates about 23 and 17 million tons (on annual basis) of rice straw and wheat straw,
respectively. Among the crop plants, wheat, maize, pulses and certain vegetable crops grown in
the region have been found to hyperaccumulate significantly high Se levels (Dhillon et al., 1991;

Sharma et al., 2007, Cubadda et al., 2009).

1.7 Mushrooms as selenium mobilizers

Since thousands of years, mushrooms have been appreciated in the human diet. Although
mushrooms have long been appreciated because of their flavour, texture and medical properties,
yet the nutritional importance is still being explored. Consumption of mushrooms has been

markedly increased worldwide and it involves a variety of genera such as Pleurotus (oyster
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mushroom), Agaricus (button mushroom), Boletus (Porcini), Ustilago (Huitlacoche),
Ganoderma, etc. Worldwide annual production of mushroom is found to be 61.6 lakh
approximately. On dry weight basis, fruiting of mushroom contain nearly 39.9% carbohydrate,
17.5% protein and 2.9% fats (Latiff et al., 1996) and are found to be an excellent source of
Vitamin B,, niacin and folates. In comparison to other crop plants, mushrooms are potential
sources of K, P, Zn and Cu (Matilla et al., 2001). Thus, fungi might exhibit an efficient system
that readily captures trace elements from the growth medium (Lepsova and Mejstrik, 1998).
Mushroom species grow and yield on a spectrum of agricultural residues and by-products, such
as paddy, wheat, barley, sunflower, maize and weed straws, jowar and bajra stalks, ground
haulms, pod shells, cotton wastes, mango stiff, jute coir pith, sugarcane bagasse, water hyacinth,

rubber wood dust and tree leaves (Khanna, 2003).

In general, many edible mushrooms are reported to be accumulating selenium (Anderson et
al., 1982; Michelot et al., 1998; Ogra et al., 2004; Falandysz, 2008; Coasta-Silva et al., 2011; da
Silva et al., 2012). Apart from edible mushrooms, appreciable accumulation of Se (1-7ug/g) has
been observed in poisonous, inedible mushroom (Amantia), wherein the content in respective

fruiting was 3-6 folds higher than soil (Byrne et al., 1976).

Extensive studies are carried on Se uptake by edible and non-edible mushrooms cultivated
on substrates supplemented with Se exogenously; there is limited evidence on Se uptake and
biological properties of the Se fortified mushrooms. The earlier observations reported by various
researchers also show that Se uptake and speciation studies were carried out only in mushroom
cultivated on substrates enriched with Se through its supplementation in the growth or aqueous
media. To the best of our knowledge, no study is available on accumulation and speciation of Se

in mushrooms grown on agri-residues hyperaccumulated with Se through natural processes.

Page | 12



Keeping this in view, the work presented here has been carried out on Se-rich mushrooms
cultivated on Se-rich residues from seleniferous sites. Moreover this study is beneficial in terms
of environmental aspects as the waste agri-residues have efficiently been used for cultivation

which otherwise are burnt by farmers leading to environmental concerns.
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2.0 Review of Literature

Selenium has been a topic of immense research, since 1817, when it was discovered by
Jons Jakob Berzelius. Selenium is ranked as 34™ element in periodic table. It is a non metal with
atomic number 34 and mass 78.96. Selenium has four common oxidation states i.e. elemental Se
(0); selenide (-2); selenite (+4) and selenate (+6), which are available in environment. The
environmental conditions such as redox potential, determine the identity and magnitude of all the
species belonging to various oxidation states in soil. Higher oxidation states of selenium are
encouraged in well aerated and alkaline soils, whereas lower oxidation states are favored in
acidic and poorly aerated soils (Marian, 1984). In surface waters, selenate and selenite are the
most common chemical forms. In general, selenate and selenite have great affinity to be
absorbed by soil particles and hence their mobility is reduced to a greater extent, although they
are appreciably soluble in water. Elemental Se (0) is usually incorporated in soil particles and
exists in crystalline form. Selenium, in particular, is concentrated in the soils of the dried regions
where the soils tend to be more alkaline (Sharma and Singh, 1983). Earlier selenium was known
for its toxic profile as reported in China (as hoof disease later named as selenium toxicosis)
(Oldfield, 2006) and in 1930’s this element was found to be responsible for several health
ailments. Schwarz and Foltz (1957), reported that during Vitamin E deficiency, selenium
supplementation prevents necrosis in liver of rats. Therefore, it is necessary to deal with and
observe the relationship between the content of selenium in soil followed by its absorption and
accumulation in plants and subsequent transmission to higher levels of food chain as they are

directly linked with Se status in terms of deficiency and toxicity.
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2.1 Distribution of selenium in environment

Selenium is relatively continuous in environment through processes like volcanic eruptions,
fossil fuel combustion, sea salt spray, incineration of municipal waste, forest wild fires, soil
leaching, weathering of rocks, transportation of ground water, uptake and release by plants and
animals. Selenium is being continuously added to environment (Nriagu and Pacyna, 1988;

Mayland et al., 1989; Nriagu, 1989; Dhillon and Dhillon, 2001).

2.1.1 Natural sources

Among other elements, selenium is found to be the most dispersed element on earth, ranking
69th in order of abundance and ranging from 0.03 - 4.08 mg/kg. It occurs in minute amounts in
all materials of the crust, but is rarely concentrated in any of the materials in amounts above 100
mg/kg. Rocks serve as primary resource of selenium in terrestrial system (Fleming, 1980;
Christophersen et al., 1995). The selenium concentration of rocks varies in different geological
formations in different beds of the same formation and even in different parts of the same bed.
Tamari et al. (1990), found that sedimentary rock contain Se upto concentration of 0.08 mg/kg
(mean value). On an average, igneous, volcanic and phosphatic rocks contain total selenium
concentration of 0.35 and 1 mg/kg (Charter et al., 1995; Fordyce, 2005). This is likely due to
transfer of volatile forms of Se to the environment (atmosphere and lithosphere) through
volcanic activities. Selenium is also available through some minerals such as chalcopyrite, pyrite
and other metallic sulphides (Neal and Sposito, 1989; Masscheleyn et al., 1991). High levels of
selenium are found in soils derived from cretaceous shales with an average concentration of 4.5

mg/kg (Lakin, 1972) and in organic rich carbonates of Precambrian era in China (Inhat, 1989).
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Each of the processes such as sea salt spray, volcanic emanation and suspended dust
particles seem to account for 10% of total Se emitted to the atmosphere from natural sources.
The major Se form emitted as a result of volcanic activity and fossil fuel burning, as determined
from thermodynamic calculations and chemical characteristics, is elemental Se (Suzuki, 1965;
Andren et al., 1975). Volcanic rocks such as basalts and rhyolites possess very low Se levels as
Se has the tendency to escape at high temperature during volcanic activity (Fleming, 1980; Neal,
1995; Jacobs, 1989). Marine biogenic sources can account for 60-80% of the total Se to be
released from natural resources on annual basis. Biological release of dimethylselenide (DMSe)
into the atmosphere can possibly be ranked as a vital factor in the Se distribution (Doran and
Alexander, 1977). In addition to this, Se has been detected in remote regions of the world such as
Antarctica (Zoller et al., 1974) and the ice sheets of Greenland (Weiss et al., 1971). Biologically

mediated volatilization processes can account for 30-50% of total Se emitted annually.

2.1.2 Anthropogenic activities

Globally, the activities of mankind such as emission from industrial activities has come
forth as main source of atmospheric distribution of selenium and these are on higher side as
compared to natural emission of selenium. At global scale, Se emission through anthropogenic
sources to environment account for about 50-65 % of total environment (Mosher and Duce,
1987). Anthropogenic activities are estimated to release around 88,000 tons of Se per year to
environment on global scale (Fordyce, 2005). The major sources of air-borne selenium include
combustion of lignite, hard and brown coals in electrical power plants and in residential as well
as commercial business. Among the main Se releasing anthropogenic processes, 7,300 tons of Se
is liberated per year through the process of coal combustion only (Yudovick and Ketris, 2006).

Selenium contaminated air, also plays a crucial role in possible contamination of water bodies.
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The major sources of Se contamination of the aquatic ecosystem including the ocean are: coal
burning power plants (45%), non-ferrous metal smelters (28%), domestic waste water effluents
(9%), and dumping of sewage sludge (4%). Water also contributes towards addition of Se in
environment as a result of irrigation through Se-rich water (Reilly, 2006). The contamination of
surface water with drainage from irrigation water in soil of Punjab (Dhillon and Dhillon, 2003b;
Bajaj et al., 2011) and San Joaquin valley of California (USA) (Wu, 2004; Luoma and Presser,

2009) are examples of Se addition in environment through anthropogenic activities.

2.1.3 Selenium in soil

Selenium content is found to be highly variable in soil across the world with
concentrations ranging from below detection limits to 12.5 g/kg. Selenium content in soil is
determined by number of factors such as Se content in soil native substrate, climate and age
(Mayland et al., 1989). Apart from these factors, some other activities like amount of rainfall
also plays considerable role in determining Se content of soil. The selenium content of soil varies
from one country to other country, due to the fact that Se content mainly relies on concentration
of this element in native substrate, which varies from region to region. The soils can be classified
as seleniferous or non-seleniferous depending upon the Se level of non-accumulators (cultivated
agricultural crops) grown on that soil. The soils containing 0.1-0.5 mg/kg of selenium
(Ravikovitch and Margolin, 1957; Dhillon et al., 1992) are considered as seleniferous because
the forages grown on such soils contain 4 mg Se/ kg, i.e., the maximum permissible level for

animal consumption.

In most of soils, Se content varies in the range of 0.1 to 2.0 mg Se/kg, however the Se

levels most frequently observed are found to be 0.2 and 0.4 mg Se/kg (McNeal and Balistrieri,
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1989). Selenium content in soil varies from low to toxic ranges; low in the range from 0.03-0.08
mg/kg and toxic (seleniferous) levels can extend upto < 1200 mg/kg (NAS,1976; Fordyce,
2005). Some parts of the world such as New Zealand, Denmark, Siberia, Finland and certain
regions of Northeast to South-Central China are low in Se in their soils as well as crop systems
(Dhillon and Dhillon, 2003a). The southern and western regions of Australia along with
NewZealand are also found to be Se-deficient (Welsh et al., 1981). In India, particularly the soils
of Haryana and Punjab are found to in toxic range (Dhillon and Dhillon, 1991). The European
countries, particularly Wales and Ireland are registered with Se toxic profiles (Fleming, 1962). In
India, total and water soluble Se in soils of Se affected regions of Haryana and Punjab were
found to be lying in the range of 0.02 — 10 mg/kg (Singh and Kumar, 1976; Dhillon et al., 1992).
In India, particularly in the Nawanshahr—Hoshiarpur region of Punjab, a large area of agricultural
land (about 1000 hectares) is severely affected with high Se levels (Dhillon and Dhillon, 2003a).
Furthur, studies carried out by Sharma et al. (2009), examined Se concentrations in soil and crop
products (wheat husk, rice, maize and mustard), using neutron activation analysis, and found it
be lying in the range of 2.7 - 6.5 mg /kg and 13 - 670 mg/ kg respectively, with significantly
high Se content in these crop products. In the sub-Himalayan regions of West Bengal, the Se
content of soils from the toxic pastures ranged from 1.45 to 2.25 mg/kg. Soils from the shales of
North Dakota, USA, contain as much as 0.09 g Se/kg, while most non-seleniferous soils contain

appreciably < 0.002g Se/kg (Trelease, 1945; Ermakov, 1992).

2.1.4 Selenium in food

The selenium content in soil, which varies from one place to another, has an important

role in determining the Se content of food. The Se content of the food ingested depends on the
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selenium content of soil native substrate (used for cultivating crops) and on residues (used for
feeding animals) left over after harvesting. The Se content of among different foods is found to
be lying in the range of 10-500 ug/kg. Cereals, legumes, cruciferous vegetables, fruits, meat, egg
and dairy products are the main food groups serving selenium in diet (Mc Naughton and Marks,

2002)

Certain plants, termed as hyperaccumulators, accumulate Se at extremely high levels
from the soil on which they were grown. Plants are divided into three types depending on the
extent of Se accumulation; they include non-accumulators, selenium indicators and Se
accumulators (Rosenfeld and Beath, 1964; Brown and Shrift, 1982; Dhillon and Dhillon, 2003a).
Non-accumulator plants cannont grow on seleniferous soil and experience toxicity at tissue
concentration upto 100 mg Se/g DW (Rosenfeld and Beath,1964; White et al., 2004), on the
other hand Se indicators plants can grow on both Se and non-Se soil and can tolerate
concentrations of approximately 1000 mg/kg (Rosenfeld and Beath, 1964; Rodriguez et al.,

2005). Some of these rich sources of dietary Se, are listed in Table 1.

Cereals are the main staple food and dietary source of selenium across world, which are
succeded by fruits, vegetables and other products. Cereals possess ten folds higher total Se
content than meat. Wheat flour and bread are important sources of Se in diet schedule of United
Kingdom (Barclay et al., 1995). Different strategies such as use of Se-rich fertilizers along with
supplementation of animals with Se-rich feed/fodder have been practicised in areas low in Se

content.
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Table 2.1. Selenium content of some selected foods and food groups (Reilly, 1996)

Se content (ng/g, fresh weight)

Food groups:

Cereals, cereal products 0.01- 0.55
Meat, fish, eggs 0.01-0.36
Milk, dairy products <0.001-0.17
Vegetables, fruit <0.001- 0.022
Selected high-Se foods:

Beef kidney 0.78 -1.45
Brazil nuts 0.85-0.53
Broccoli <0.001 - 0.46
Crab 0.028 -1.26
Lobster roe 0.08 -4.43
Mushrooms 0.01-1.40

2.1.5 Selenium bioavailability and speciation in food

Bioavailability is defined as the quantity of nutrient ingested, which in turn is absorbable
and utilizable through individual’s diet (Van Campen and Glahn, 1999). Both inorganic and
organic species of selenium could be easily absorbed by the body (Suzuki et al., 1998). Among
inorganic forms, selenate and selenite are less easily absorbed and selenite is found to be more
toxic than selenate (Magnuson et al., 1997) however the organic forms, (such as
selenomethionine) are considered more bioavailable than the inorganic forms (selenites or
selenates). Selenomethioneine is the predominant form of selenium reported to be present in diet
(Swanson et al., 1991). Selenium is specifically incorporated into proteins and is responsible for
their enzymatic activity (Sturchlerpierrat et al., 1995). On the other hand, Se in the form of
SeMet is non-specifically incorporated into haemoglobin and plasma (Burk et al., 2001) and is
retained in the tissues to larger extent than other species. Supplements mainly containing SeMet
can maintain the expression of selenoenzymes during Se deficiency for much longer times than
inorganic sources due to recycling of SeMet from protein stores (Combs, 1988). Apart from

these there are other organoselenium methylated forms which are produced as a result of
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detoxification (Pyrzynska, 1998) and are excreted. Another important product of selenium
metabolism which is excreted via urine is trimethylselenonium ion (Levander, 1972).
Bioavailability of selenium is affected both by the chemical form as well as other dietary
components of Se. Blood is the main biological sample that is often used to indicate the selenium
status. The five selenium containing proteins used as Se indicators in blood are tabulated in

Table 2.2

Se absorption is not known to be under homeostatic control. The overall bioavailability of
dietary selenium is not due to its absorption only, rather its conversion within tissue to its

metabolically active forms such as GSH-Px and 5 deiodinases (Contempre et al., 1996).

Table 2.2. Biological markers used as indicator of selenium status in blood (Arthur, 1994)

S.No Se-containing proteins  Location Function

1 Plasma glutathione Plasma Indicator of recent dietary
peroxidases selenium uptake
(PGPX)

2 Selenoprotein P (SepP) Plasma

3 Albumin Plasma

4 Cellular glutathione Red blood cells  Reflects longer term selenium
peroxidases (CGPXx) status, responding to dietary

5 Haemoglobin Red blood cells  changes over time

Selenium exists in both in organic and inorganic chemical forms in foods and biological
materials (Lobinski et al., 2000; Dumont et al., 2006). Selenium from plant forms is more
bioavailable than from animal food stuffs (Combs, 1988; Bugel et al., 2002). SeMet is the the
main dominant form that occurs in cereals, yeast, beans and mushrooms (Olson et al., 1970;

Reilly, 1996; Bhatia at al., 2013). Food sources such as Brazil nuts and wheat that contain high
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proportions of SeMet are considered to be highly bioavaliable (WHO, 1987; Ip and Lisk, 1994).
Although, mushrooms are known to be potential selenium accumulators, yet bioavailbility in
terms of selenium absorption is known to be relatively low (Fordyce, 2005). On the contrary,
many recent reports have shown SeMet to be the dominant species present in mushrooms (Bhatia

et al., 2013) with good bioavailability (Rayman et al., 2007).

2.2 Selenium intake: Global variation

The Se intakes in diet on individual basis was estimated to be lying in the range of 3-
7000 pg/day (Rayman, 2002; WHO, 2004; Fordyce, 2005; Rayman, 2008).The seleniferous
regions of China has been reported to have higher levels (>4990 ng/day) of dietary Se intake
(Yang et al.,1983). The mean Se intakes for European countries were found to be lying in the
typical range of < 50 pg/day per person, (Rayman, 2004; Rayman, 2005), which is found to be
quite near or lesser than the recommended nutrient intake level the (Rayman, 2008; Flynn et al.,
2009). Similarly, among Asian contries such as India, the Se intakes for men and women were
estimated to be 632 ug/day and 475 ng/day respectively which are considered to be relatively
high (Hira et al., 2003).

Amongst the countries recording low intake of Se, in United Kingdom, the intake for men
and women were found to be 55 and 43 pg/day respectively. The intake is much higher in United
States with the mean value for women and men intake to be 92.6 + 1.57 and 133.5 + 2.42 pg/day

respectively (USARS, 2008).

2.2.1 Essentiality and toxicity of selenium

The term essential trace element is usually conferred to mention an element with an

established or suspected requirement of < 1 mg /day (RDA, 1989). Selenium is a nutrient with
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multiple metabolic fates, determined in part by dosage levels, thus it can be associated with
impaired performance at both extremes of intake, so a balance between the two extremities is the
utmost need of a biological system. Selenium exists as a two sided coin with both toxic and
essential profiles; this particular feature makes the element immensely important from health
point of view for animals and humans. The recommended dietary allowance (RDA) for Se is 55
Hg per day for adult [IOM, 2000], whereas WHO states that the average intake level needed for
required activities in healthy individuals is 40 pg per day (Combs, 2001). As per the
recommendations of various European associations on nutrition, the minimum Se concentration
require to combat diseases is found to be 30—70 g per day for adult and the upper tolerable limit
is fixed at 400 pg/day (Hurst et al., 2014). The Se requirement for most farm animals is between

0.1 and 0.3 mg/kg of feed (Mayland, 1994).

2.3 Health implications of selenium

The margin between deficiency, essentiality, and toxicity of selenium is found to be very
narrow. Intake of food containing < 0.1 pg Se/day leads to deficiency, while consumption of
food containing < lpg Se/day leads to toxicity. The effect of selenium is concentration
dependent and ranges from essentiality to anti-oxidant at nM- uM concentrations and further on
to potentially prooxidant at concentrations above what is required for maximal selenoprotein
synthesis (Vinceti et al., 2001). Furthur intake can lead to accumulation of intracellular thiols

leading to toxic effects.

2.3.1 Toxic effects of selenium

The toxic nature of Se became known even much before it was discovered. Primarily Se

was mainly considered as environmental toxicant till it was discovered as an essential nutrient
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for animal and human health (Schwarz and Foltz, 1957). Marco Polo, while traveling in the
remote parts of Western China and Eastern Turkestan in 13th century was the first to come in
contact with probable Se poisoning. In later period, the occurrence of alkali disease was reported
in Western United States (Rosenfield and Beath, 1964). It was attributed to strong relationship
between the consumption of locally available forages and disease symptoms in horses. The
symptoms observed in animals were impaired growth, poor reproduction as well as cracked and
bleeding hoofs, poor growth and reproduction along with few cases of mortality. Another
environmental concern regarding selenium came under notice in 1980’s, wherein excess Se
caused malformations of bird embryos, death of aquatic birds and poisoning of fish in Kesterson
wild life refuge and reservoir in California. Draize and Beath (1935) also explained the
symptoms appearing due to acute selenium toxicity such as loss of their control over voluntary

muscles as a result of Se toxicosis.

There are no documented instances of naturally occurring Se causing damage to
agricultural plants in the field (NAS-NRC, 1976). The Se-toxicosis in the form of snow-white
chlorosis along with pink coloration was recorded for the first time, in lower region of leaves and
sheath of wheat, under field conditions in the seleniferous areas of Punjab, India (Dhillon and

Dhillon, 1991)

2.3.1.1 Toxic profile of selenium in organisms

Daily dosage of 900-1600 pg/person can cause adverse health effects and it is reported
that selenosis occurs at intake of 3200-5000 pg/person (Combs, 2001; Whanger, 2004;
Letavayova et al., 2006). Selenosis (Se poisoning) can be acute or chronic. Acute toxicity is

mainly related to possible occupational exposure of people working on microelectronics, xerox,
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and semiconductors; showing symptoms mainly related to respiratory systems like dypsnea,
bronchitis, and pneumonia and sometimes leading to gastrointestinal and cardiovascular effects.
Chronic effects are mainly due to high concentration of Se in food and water bodies, leading to

hair loss, nail deforming and discoloration of skin and teeth.

The inorganic forms of selenium are recognized to be more acutely toxic than the organic
forms. The organically bound Se compounds such as selenoaminoacids and volatile forms
(dimethyldiselenide and dimethylselenide) are relatively less toxic as compared to other species.
The order of selenium toxicity from several sources was found to be in the order of: selenate >
selenite > selenide > metallic selenium (Franke and Painter, 1938). Some selected selenium

compounds with their toxicity are listed in the Table 2.3.

The seleniferous regions across the world such as, Canada, Ireland, Western USA, India
and China were found to be adversely effected by excess of selenium (Hira et al., 2003; Navorro-
Alarcon and Cabrera-Vique, 2008). In China, outbreak of illness in terms of loss of hair and nails
was noted which was later diagnosed to be severe selenosis due to high selenium content in soil
(Yang et al., 1983). Similarly in India, in parts of Punjab state (Northwestern region of India);
observations on human population has also shown signs of selenium toxicity with chronic
selenosis mainly through consumption of Se hyperaccmulated crop products produced in Se-rich
agricultural fields (Hira et al., 2003). Animals, particularly cattle, were also affected severely
with Se toxicity due to high content of Se in fodder containing upto 5-160 mg Se/kg in the
respective areas (Dhillon and Dhillon, 1991). Dey et al. (1999) studied the wild leopard cat (Felis
bengalensis), civet cat (Vivera zebith), flying squirrel (Petaurista magnificus) and leopard
(Panthera pardis) from different locations in Northeastern India. The content of Se was found to

be high in the bones and in the hair it exceeded (1.5-2.6 times) toxic limits in all four species.

Page | 25



Table 2.3. Selected selenium compounds and their toxicity (Bueno et al., 2007)

Compound Formula Lethal dose Ref.
LD-50*

Dimethylselenide (-11) (CHs),Se 1600 mg/kg (Int.) Al-Bayati et al,

1992
Hydrogen selenide (-11) H,Se 0.02 mg/L(Resp.) Wilber, 1980
Trimethylselenonium (-11)  (CHs);Se” 49 mg/kg (Int.) Wilber, 1980
Selenocystine (-1) [HO, CCH (NH,) CH,Se]. 35.8 mg/kg (Or.) Sayato et al., 1993
Selenomethionine (-11) CH;Se(CH,),CH(NH,)CO,H 4.3 mg/kg (Int.) Wilber, 1980
Selenite (+1V) Se05> 3.5 mg/kg (Int.) WHO, 1987
Selenate (+V1) Se0,” 5.8 mg/kg (Int.) WHO, 1987

*Lethal dose obtained on mice or rats by intraperitoneal (Int.), oral (Or.), or respiratory (Resp.)

absorption

2.3.2 Selenium: Its essentiality to human health

Although selenium is toxic in large doses, yet it is an essential micronutrient for health.
Selenium is a vital constituent of various metabolic pathways such as thyroid metabolism,
antioxidant defense and immune functions. Selenium is an active integral part of glutathione
peroxidase, which protects the cells from oxidative damage. Hydrogen peroxide and lipid
hydroperoxides produced by lipooxygenase and cyclo-oxygenase pathways are effectively
reduced by the antioxidant activities of glutathione peroxidase (Spallholz et al., 1990). The
biological functions of selenium are mainly exerted through selenoproteins. Out of all, only 25
mammalian selenoproteins so far have been recognized on the basis of functional

characterization. Most of the selenoproteins carry out redox activity as enzymatic functions
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possibly due to presence of selenocysteine. Regulation of redox signaling, elimination of
damaging/signaling peroxides, biosynthesis of dNTPs for DNA, selenium transport and storage,
reduction of oxidized proteins as well as membranes, thyroid hormone metabolism and protein
folding are the main cellular processes established so far that requires involvement of
selenoproteins. Selenium is also proved to play a vital role in cancer prevention (Clark et al.,
1996; Yu et al., 1997). Thioredoxin reductases, which are selenoenzymes, have important role in
rejuvenation of antioxidant systems and to sustain intracellular redox state (Allan et al., 1999).
The thyroid gland has highest concentration of Se as compared to any other organ. (Kohrle,
1999). Selenium facilitates the synthesis of thyroid hormone (T3) from thyroxine (T4) through
iodothyronine deiodinases (Beckett et al., 1987). Supplementation of iodine and selenium is
advised in particular (deficient in iodine and selenium) regions of central Africa where
deficiency diseases such as goitre and myxedematous cretinism are more prevalent (\Vanderpas et

al., 1993).

The immune response of body towards infections is influenced by the role of selenium in
various aspects. For example, deficiency of selenium reduces immunocompetence that leads to
impairment of macrophages, neutrophils and leukocyte activity (Boyne and Arthur, 1986;
Spallholz et al., 1990). Kiremidjian- Schumacher et al. (1994), reported that supplementation of
selenium of Se deficient population stimulates immune system and enhances the proliferation of
active T cells, natural killer cells and lymphocyte activity. The beneficial effects of synthetic
organoselenium compounds and selenoproteins have been studied for their role as cytokine
inducers, enzyme inhibitors, antioxidants and antitumour agents (Ganther, 1999; Mugesh et al.,
2001). Supplementation of selenium has been reported to improve the conditions of patients

suffering from inflammatory conditions such as septic shock, rheumatoid arthiritis, autoimmune
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thyrioditis, allergic asthma and pancreatitis (Gartner and Angstwurm, 1999; Rayman, 2000;
Gartner and Gasnier, 2003). Selenium exerted its anti-inflammatory response in activated
macrophages through the enhanced production of 15d-PGJ; (15-deoxy-A 12, 14-prostaglandin J,)
in a cyclooxygenase (COX-1) dependent process (Vunta et al., 2007). Furthur, administration of
selenium to Se-deficient macrophages leads to decline in the LPS-stimulated expression of
important pro-inflammatory functions through cyclooxygenase-2 (COX-2) and tumor necrosis
factor-a (TNF-a) (Vunta et al., 2008). Prabhu et al. (2002) and Gandhi et al. (2013), proposed
the beneficial effect of dietary selenium supplementation in order to prevent the oxidative stress

mediated inflammatory diseases.

2.3.2.1 Selenium-Effects of its deficiency in diet

A narrow range exists between deficiency of Se (< 40 pg/day) and its toxic implications
(>400 ug/day). Se deficiency is more widespread than selenosis. The primary evidences of Se
deficiency were the occurrence of two specific diseases i.e. Keshan and Kashin-Beck disease in
some low Se areas of China. Keshan disease is a cardiovascular disease that involves cardiac
enlargement due to damage of cardiac function mostly affecting young women and children
(Reilly, 1996). On the other hand, Kashin-Beck disease, an endemic chronic degenerative
ostreoarthropathy results in shortened toes and fingers, enlarged joints and dwarfism in rare cases
(Reilly, 1996). The Keshan disease is likely due to number of factors in combination such as
vitamin E deficiency and prevelance of coxsackie B virus along with deficiency of Se (Yang et
al., 1994; Levander and Beck, 1999; Liu et al., 2002). Supplementation of individuals with Se
tablets of sodium selenate has been found to be successful in checking the progress of Keshan
disease (Yang, 2006). Similarly, the etiology of Kashin-Beck disease is also complex linking

deficiency of Se, vitamin E and iodine (Neve, 1999). Health implications associated with
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oxidative stress can be alleviated with Se and that includes asthma (Shaheen et al., 2001;
Jahnova et al., 2002), osteoarthritis (Kurz et al., 2002), muscular dystrophy (Kurihara et al.,
2000), diabetes (Kowluru et al., 2001), systemic inflammatory response syndrome (Angstwurm
et al., 1999), cystic fibrosis (Kauf et al., 1994), kwashiorkor (Ashour et al., 1999) and arthritis
(Peretz et al., 2001). Selenium deficiency has also been associated to several clinical
manifestations like decrease in immune and thyroid functioning, various neurologic conditions,
such as Alzheimer’s and Parkinson’s disease, increased risk of cancer and infection and male

infertility (Rayman, 2000).

Several studies have confirmed that individuals with low plasma Se have potential risk of
cancer (Clark et al., 1984, 1993). Certain human trails also revealed an inverse relationship
between dietary selenium uptake and cancer risk in humans (Vogel and Mcpherson, 1989;
Ghadirian et al., 2000; Diwadkar-Navsariwala and Diamond, 2004; Sabichi et al., 2006). In
contrast, studies carried out in in-vitro and animal models indicate that selenium intakes at supra-
nutritional levels can suppress generation of tumours (ElI-Bayoumy, 1991; Combs and Gray,

1998; Ip, 1998).

The biological activities of selenium, as a cancer-preventive agent, depend on its
chemical forms. Sodium selenite and selenomethioneine are reported to inhibit cancer in many
in-vivo conditions (Ip, 1986; Medina and Morrison 1988; El-Bayoumy, 1991; Combs, 1997).
Selenomethioneine was found to be less effective than sodium selenite in terms of cancer
inhibition (Ip and Hayes, 1989). However selenobetaine and Se-methylselenocysteine (the
precursor for generating methylated forms) were found to be more efficient than selenite or
selenomethioneine (1-3 ppm) against cancer prevention (Ip and Ganther, 1990, 1992; Ip et al.,

1991). The probable reason for such observation is the incorporation of SeMet in tissue proteins
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rather than entering the metabolic pathway thereby diverting its route for participation in
anticancer pathway (Ganther, 2001). The degree of methylation is another important factor in
cancer studies such as fully methylated form of selenium. For example, trimethylselenonium ion
was ineffective against cancer as it gets completely excreted out of the body (Vadhanavikit et al.,

1993).

2.3.2.2 Other health effects

It has been well documented that selenium is also important for neuronal functions in
brain (Rayman, 2000). Genetic inactivation of glutathione peroxidase leads to brain ischaemia
due to increased sensitivity towards neurotoxins. Similarly, genetic inactivation of selenoprotein
P reduces brain Se content leading to movement disorders in animals (Schweizer et al., 2004).
Deficiency of selenium is linked with increased virulence over a range of viral infections
(Taylor, 1997). Schrauzer (1998) reported the use of selenite therapy against acute septicaemia,
lymphoedema and viral haemorrhagic fever. Selenium deficiency is linked to HIV wherein it
has also been observed to be related to viral load and mortality (Baum and Shor-Posner, 1998;
Campa et al., 1999; Baeten et al., 2001). Glutathione peroxidase and thioredoxin reductase are
required for protection of thyroid from H,O, (Beckett and Arthur, 2005) and iodothronine
deiodinase is needed for synthesis of active thyroid hormone. It has been documented by
Rayman (2000), that various clinical manifestations such as cognitive impairment, depression,
anxiety and hostility are associated with low Se levels. It has been observed that sperm nuclei
selenoprotein and phospholipid Gpx 4 are required for sperm motility and maturation (Pfeifer et

al., 2001; Maiorino and Ursini, 2002).
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Selenium provokes a dose-dependent protection against intestinal inflammation, and even
moderate Se deficiency, seems to have negative effects as seen in human populations
(Steinbrenner et al., 2011; Krehl et al., 2012; Barrett et al., 2013). The innate immune response
in mice infected with pathogenic bacteria Listeria monocytogenes and Citrobacter rodentium has
been reported to be impaired by Se deficiency (Wang et al., 2009; Smith et al., 2011). Several
selenoproteins have been shown or proposed to affect immune functions. Selenoprotein Seppl,
provided host protection during an infection with the parasite Trypanosoma congolense
(Bosschaerts et al., 2008). Selenoprotein K is required for the oxidative burst of activated
macrophages (Huang et al., 2012). Se-proteins such as thioredoxin reductases (TrxR),
selenoprotein K, glutathione peroxidases (GPx), selenoprotein S (SelS) ,selenoprotein P (SepP)
act as antioxidant enzymes, regulate redox-sensitive and inflammatory signaling pathways and

are involved in maintaining endoplasmic reticulum (ER) homeostasis (Papp et al., 2007).

High selenium (serum) concentrations are however, linked to occurrence of diabetes
along with higher fasting plasma glucose and increased glycosylated hemoglobin levels
(Laclaustra et al., 2009; Stranges et al., 2010). Steinbrenner et al. (2011), indicated potential risk
of diabetes, leading to adverse effects of selenium through interference of Se compounds with
insulin-regulated molecular pathways (Phosphoinostide-3 kinase) which may underlie some of
pro and anti-diabetic actions of Se. These studies inferred that in Se-administrated population,
high plasma Se levels were related with hyperglycemia along with enhanced plasma level of

lowdensity lipoproteins, triglycerides and cholesterol (Bleys et al., 2007; Lippman et al., 2009).

Page | 31



2.4 Biofortification of selenium

The idea of fortification of food with essential minerals at pre-harvest stage is a newly
emerging and experimenting concept. The biofortification concept enlightens the potential of
agricultural as well as nutrition science to deal with the persistent problem of micronutrient
malnutrition. Through, biofortification, researchers are attempting to provide farmers with crop
varieties that can effectively reduce nutritionally related health problems through natural diet of
human population (Ximenez-Embun et al., 2004). Biofortification programme, propagated
across the globe, is focusing dominantly on three micronutrients viz., iron, zinc and vitamin A, as
majority of world’s population is suffering from their deficiencies. The various parameters
required to increase mineral yield in edible tissue includes, enhanced uptake of mineral by roots
or leaves along with effective distribution from plant to edible tissues that too in a non-toxic

form (Welch and Graham, 2005).

Therefore, a better knowledge of Se metabolism in higher plants is to deal with the
persistent problem of Se deficiency and its delivery to human and livestock population. For the
purpose of genetic biofortification and phytoremediation, the Se uptake and metabolism in plant
can be fully exploited. A great deal of interest has been generated on Se uptake in higher plants

due to emergence of concept involving high Se-crops for Se-fortification (Zhu et al., 2009).

Selenium can efficiently be delivered via the soil-plant- animal-human system (Rayman,
2000; Combs, 2001). Among the edible crops, the notable sources of Se are wheat, pulses and
certain vegetable crops (Sharma et al., 2007; Cubadda et al., 2009). Se-rich wheat, maize and
mustard grown on selenium rich soil in India, were found to be potential sources of selenium
(Jaiswal et al., 2012a; Jaiswal et al., 2012b). Cruciferous edible crops such as broccoli contain

low levels of Se (0.1-0.3 ug /g DW), but when cultivated in the presence of adequate Se, many
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have got the capability to accumulate Se at much higher magnitudes than normal (Finley et al.,
2000; Banuelos, 2002). Therefore, selenium enrichment of edible matrices such as mushrooms

also generates a scope for production of functional foods with high economic values.

2.5 Selenium mobilization from agri-residues to mushrooms

Recently, the agro-industrial wastes like cassava bagasse, apple pomace, sugar cane
bagasse, coffee pulp/husk and sugar beet pulp have been effectively utilized towards various
bioprocess activities for their proper usage. The waste products such as agro-industrial residues
on one hand helps in synthesis of value-added products and on other hand their utilization solves
the problem of atmospheric pollution (due to burning) which otherwise is an environmental
concern. Worldwide, many agricultural/plant residues are generated from Se-laden sites and have
been effectively used for generating value-added products such as mushrooms. Se-rich
A.bisporus grown on Elephant grass and Rye grass from Se-laden sites with selenium
concentration of 0.8mg/kg were found to accumulate selenium concentration of 3.2 mg/kg (Lin
et al., 2014). Each year, in Punjab region of India, tons of agricultural residues are being
generated which are either burnt as a regular practice or used for composting in some cases. The
agri-wastes generated in seleniferous region of Punjab, contain significant levels of selenium
accumulated in plant parts, as reported in leaves and straw of wheat, rice and cereals (Dhillon
and Dhillon, 2003; Sharma et al., 2009), and therefore have potential use as substrates for
cultivation of selenium enriched mushrooms. Phytoremediation of Se-laden (contaminated)
agricultural wastes can be used as valuable organic source for cultivation of Se-enriched
mushrooms. Moreover, the spent waste left over may furthur be used for livestock

supplementation, thereby removing excessive selenium in matrices. Mushroom cultivation on
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Se-rich substrates from such sites not only removes excess Se, but also generates the scope of
being recognized as cash -valued bio-based products with potential health beneficial effects.

Thus, these agricultural residues can effectively be used as substrates for mushroom cultivation.

2.6 Mushrooms: Prospective dietary source of selenium

Since many decades, different matrices such as vegetables, cereals, fruits, seeds and
mushrooms have been studied for antioxidant properties, for searching natural sources of
antioxidants (Wong and Chye, 2009). Edible mushrooms are very popular food crops due to their
potential health properties such as antibacterial, antiviral, antitumour activities and for their role
in immunomodulating treatments (Wasser and Weis, 1999), as they possess high vitamin,
mineral and protein content (Kalac and Svoboda, 2000; Matilla et al., 2001). Edible fungi have
the abilty to transform inorganic selenium into organic Se with enhanced physiological activity
and absorption rate (Bhatia et al., 2013). As mushrooms contain relatively high protein content,
it is expected that they have the ability to imbibe high concentrations of selenium preferably into
selenoaminoacids (selenocysteine and selenomethineine) and furthur on to selenoenzymes and
selenoproteins. Thus, mushrooms definitely offer an ideal choice for selenium biofortification

study.

The selenium content in mushrooms is highly variable and is generally found on higher
side than most of vegetables (Rayman et al., 2008). The Se content in the popular edible fruiting
bodies of mushrooms covered over twice the magnitude and ranged between <1-20 pgSe/g dw,
with highest levels observed in the species of Boletus mushroom (Falandysz, 2008). Mushrooms
that are known to accumulate selenium accumulate include Boletus edulis (Stijve and Cardinale,

1974; Byrne et al., 1976; Piepponen et al., 1984), Lycoperdon perlatum (Kosta et al., 1974) and
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mushrooms from the Tubiporales (Stijve, 1977; Quinche, 1983), Agariceace (Stijve and Besson,
1976; Stijve,1977; Quinche,1979; Quinche, 1983) and Albatrellus species (Stijve et al., 1998) are
also well known Se accumulators. Wild mushrooms species of mushrooms such as Boletus edulis
and Albatrellus pes-caprae have been reported to contain selenium in the range of 20-70 and 200
mg Se/g (Falandysz, 2008). Edible mycelia and fruiting bodies of various mushrooms cultivated
on Se-rich substrates (inorganic and organic) are also known to accumulate high amount of
selenium ranging from 3.0 -1500 pg Se/ g DW (Gergely et al., 2006; Tham et al., 2009; Estrada
et al., 2009; Turlo et al., 2010; Cremades et al., 2012; Savic et al., 2012; Maseko et al., 2013).
The Se-rich Agaricus bisporus (Champgnon Mushroom) grown on substrates supplemented with
inorganic selenium effectively absorbed and accumulated this element in fruiting bodies
(Piepponen et al., 1984; Elteren et al., 1998; Stefanka et al., 2001; Gergely et al., 2006). In case
of fruiting bodies of normal A. bisporus selenium (selenomethionine) was not found to be bound
with proteins; however the fruiting bodies of same species cultivated on Se-fortified substrates
have been found to possess Se (selenomethionine) bound firmly to proteins along with some
unidentified Se-moieties. However, most of the studies with Se-enriched mushrooms are through
cultivation on substrates supplemented with exogenous supply of inorganic Se salts with fewer
attempts made to explore the feasibility of cultivating mushrooms through use of natural Se-

hyperaccumulated substrates.

Selenium speciation has already been reported by various researchers in different Se-
enriched mushrooms with detection of selenocompounds such as SeMet (Ogra et al., 2004;
Gergely et al., 2006), SeCyst (Yoshida et al.,, 2005) and MeSeCys (Gergely et al., 2006)
Selenium was reported to be present in the form of selenocysteine (SeCyst), selenomethionine

(SeMet), methylselenocysteine (MeSeCys), and inorganic selenium in Lentinula edodes and
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Agaricus bisporus (Stefanka et al., 2001). Similary Se-rich fruiting bodies of Pleurotus florida
were reported to contain SeMet (73%) as the dominant organic moiety along with presence of
some unidentified selenocompounds (Bhatia et al., 2013). In the observations conducted on Se-
rich Lentinula edodes; SeMet was the main compound detected and this compound was
proposed to be bound to proteins of high molecular mass (> 40,000 kDa) protein (Ogra et al.,
2004). The chemical forms of selenium found in Se-rich Ganoderma lucidum were dominated by
selenoproteins  (56-61%), followed by selenopolysaccharides (11-18%) and other
selenocomponents (13.8-20.0%) along with a small fraction (0.067-0.22%) of nucleic acid
(Zhao et al., 2004). Summary of various Se-moieties in wild grown and cultivated mushrooms is
presented in Table 2.4.

Table 2.4. Summary of Se-species distribution in mushrooms (Bhatia et al., 2013)

Mushroom species Origin Extraction  Analytical Se species® Ref.
technique®
Albatrellus pes-caprae Wwild Chemical, HPLC-NAA Se (1V); SeMet; Slejkovec, Van Elteren,
Boletus edulis grown enzymatic ~ and AFS SeCys,; unknown Woroniecka, Kroon, Falnoga and
compounds Byrne, 2000
Agaricus bisporus Enriched Chemical, HPLC-AFS Se (1V); SeCys,; Stefanka, Ipolyi, Dernovics and
enzymatic Fodor, 2001
Agaricus bisporus Enriched Enzymatic  HPLC-HG- SeCys,; Se (1V); Dernovics, Stefanka and Fodor,
AFS SeMet 2002
Boletus edulis Wwild Chemical HPLC-ICP-MS LMW (<1.35-20kDa) Wouilloud, Kannamkumarath and
grown HMW (~50 kDa) Caruso, 2004
Boletus edulis Wwild Chemical; HPLC-ICP-MS  MeSeCys; unknown Wilburn, Vonderheide, Soman and
grown enzymatic compounds Caruso, 2004
Lentinula edodes Enriched Chemical, HPLC-ESI-MS  SeMet Ogra, Ishiwata, Encinar, Lobinski
enzymatic and Suzuki, 2004
Ganoderma lucidium Enriched Chemical HPLC-AFS SeMet Zhao, Zhao, Zhao, Chen, Tong and
HU, 2004
Macrolepiota procera; Wwild Chemical HPLC-ICP-MS  SeMet; unknown Huerta, Sanchez and Sanz-Medel,
Lepista luscina; Boletus  grown compounds 2005
luridus
Agaricus spp. Enriched Chemical; HPLC-ICP-MS  SeMet; unknown Diaz Huerta, Fernandez Sanchez
cultivated enzymatic compounds and Sanz-Medel, 2006
Lentinula edodes Enriched Chemical, HPLC-ICP-MS  SeMet; Se (1V); Yoshida, Sugihara, Inoue, Chihara,
enzymatic unknown compounds Kondo, Miyamoto et al., 2005
Agaricus bisporus Enriched Chemical, HPLC-ICP-MS  Se (1V); SeCys;; Gergely, Kubachka, Mounicou,
Lentinula edodes enzymatic MeSeCys; SeMet; Fodor and Caruso, 2006

unknown compounds

% NAA neutron activation analysis; AFS atomic fluorescence spectrometry; HG hydride generation; ICP-MS

inductively coupled plasma mass spectrometry;

HPLC high performance liquid chromatography;ESI-MS

electrospray ionization mass spectrometry.” Identified species, listed in decreasing order of concentration. LMW
low molecular weight; HMW high molecular weight.
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2.7 Lacunae

The review of literature although indicated extensive studies on Se uptake by edible and
non-edible mushrooms cultivated on substrates supplemented with Se exogenously, there is
limited evidence on Se uptake in mushrooms and biological properties of the Se fortified
mushrooms. The earlier observations reported by various researchers also show that Se uptake
and speciation studies were carried out only in mushroom cultivated on substrates exogenously
enriched with Se through Se supplementation in growth or aqueous medium. To the best of our
knowledge, there is no study reported till-date on accumulation and speciation of Se in
mushrooms grown on agri-residues with Se hyper-accumulated through natural processes. With
the growing importance on enhancing the bioavailability of Se, edible crops that can accumulate
selenium are being used as natural sources of Se neutraceuticals for both animals and humans in
areas of Se-deficiency. Keeping in view, the limited studies on this aspect especially from natural
substrate rich in selenium and the anticipated benefits facilitating re-use of waste agri-residues,

the doctoral work had following objectives.

= To study the uptake and assimilation of selenium by edible mushrooms cultivated on Se-rich

agricultural residues.

= To characterize Se fortified mushrooms for anti-oxidant and bio-active properties.
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3.0 Material and Methods

3.1 Sample collection

The selenium rich post-harvest agricultural residues of wheat and paddy crops collected
from the village of Jainpur 31°13° N, 76°21° E , Nawanshahr- Hoshiarpur region, Punjab, India),
were used as substrates for cultivation of Se-enriched mushrooms. Similarly, non-seleniferous
(control) agricultural residues collected from Patiala 30°35” N, 76°37’E, (Punjab, India) were

used for cultivation of control mushrooms.

3.2 Mushroom cultivation

3.2.1 Culture collection

The strains of Agaricus bisporus (U-3), Volvariella volvacea (Vv-4) were procured from
Punjab Agricultural University (PAU), Ludhiana (Punjab, India). The strains of five Pleurotus
sp. viz Pleurotus florida (DMRP-136), Pleurotus djamor (DMRP-205), Pleurotus sajorkaju
(DMRP-112), Pleurotus ostreatus (DMRP-2), Pleurotus citrinopileatus (DMRP-10) were
procured from National Research Centre of Mushroom (NRCM), Solan (Himachal Pradesh,
India). The fungal cultures were sub-cultured on Potato dextrose agar (PDA) medium and were

stored at 4°C till use.

3.2.2 Spawn preparation

Selenium rich wheat grains obtained from the seleniferous sites were washed and boiled
(20 min) till they get softened. Boiled wheat was thoroughly mixed with 2% calcium sulphate

and 0.5% calcium carbonate to absorb the excess moisture. The resultant mixture was filled in
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glass bottles (approximately 500 gm/bag) and was inoculated with the desired culture in the form
of discs (5mm). The inoculated bottles were incubated at 25°C for 7 days until there was visible
growth of dense mycelium (completely run spawn). Similar procedure was followed for

preparation of spawn for control mushroom by using non-Se wheat grains.

3.2.3 Spawning of substrates

3.2.3.1 Spawning of Pleurotus species

Prior to spawning, selenium rich wheat straw was disinfected by dipping in water
containing 1.5% formalin. The treated straw was then inoculated with spawn (approx. 3.0 %) and
was filled in plastic bags (3-4 kg/bag). The spawned bags were then incubated in growth
chamber at 25 £ 3°C for approximately 15 days in suspended position till entire straw got tightly
bound by mycelia (spawn run) with moisture content maintained at 70%. The plastic layers of
completely colonized bags were torn off and were left suspended until fruiting. Similar
conditions were followed to grow control mushrooms, with non-Se wheat straw as the substrate.
Fruiting bodies of all Pleurotus species were collected after 4-5 days of emergence of fruitings,
by cutting the base of the stipe with sterile surgical blade. The fruiting bodies were weighed and

dried at 40°C for near complete dehydration.

3.2.3.2 Spawning of Agaricus bisporus

The button mushrooms were cultivated on compost prepared from agricultural residues,
following method outlined by Punjab Agricultural University, India (Khanna, 2003) with minor
modifications. The spawn was prepared on wheat grains and used as seed for spawning

following the procedure mentioned earlier (section 3.2.2).
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a) Composting

The wheat straw was collected from seleniferous sites and was processed following the method
mentioned earlier (Khanna, 2003). The straw was moistened with water to attain 70-75%
moisture. Wheat bran and superphosphate were added during wetting process. The wetted straw
was arranged in the form of a pile to allow its degradation with desirable microbial flora. After
24 h, the pile was turned to maintain homogeneous mixing. Similarly, seven turnings were given
to the pile at different time intervals to ensure proper composting of straw. At the first, third, fifth
and seventh turning, mollases, gypsum, furadyn and gama BHC were added respectively. After

26 days, the processed compost was ready to be spawned (Fig. 3.1)

Figure 3.1. (a) Unprocessed straw (b) processed compost

b) Spawning of compost

The compost prepared from the Se-rich straw was inoculated with the fungal spawn by
thorough mixing method. After inoculation, the compost was filled in polypropylene bags (24" x
18”) and kept in cultivation chamber (23 + 25 °C) till complete running of fungal mycelia across

compost. The colonized compost was then covered with casing soil and kept in cultivation
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chamber (14-18 °C) till emergence of fruiting. After 15-20 day of casing treatment, fruiting

bodies were harvested and preserved till use.
3.2.3.3 Spawning of Vovariella volvacea

The paddy straw mushroom was cultivated on Se-rich paddy straw collected from
seleniferous sites. Se-rich paddy straw was arranged in bundles of 40 cm length and 10 cm width
(Fig 3.2). Bundles were soaked in running water overnight. After wetting, the bundles were
stacked in layers of four followed by spawning with the active culture. The spawned stacks were
incubated at 35 °C till emergence of fruiting bodies. After 7-9 days of spawning, fruiting bodies
were harvested and stored till use. Similar method was followed for cultivation of NSe (control)

mushrooms.

Figure 3.2. Arrangement of paddy straw bundles

3.3 Mushroom yield and biological efficiency

Total yield was calculated as the fresh weight of mushrooms harvested upto third flush

per 0.5 kg of dry substrate for Pleurotus and Volvariella and 5 kg for A. bisporus used for its
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cultivation. Biological efficiency (BE) was determined by the ratio of fresh weight (g) of

mushrooms to dry weight (g) of substrate and expressed as percentage (Chang et al., 1981).

[Biological efficiency % = Fresh weight (g) of mushrooms harvested / Dry weight (g) of

substrate x100]
3.4 Estimation of total selenium

Fresh harvested mushrooms were air dried at room temperature and powdered using
pestle and mortar. Selenium content was analyzed (Levesque and Vendette, 1970) in Se-rich and
control straw belonging to wheat and paddy as well as in dried fruiting bodies of all mushroom
species (control and experimental) from the first flush using florescence spectrometer (Perkin —
Elmer LS45, USA) after a triacid (nitric acid+ perchloric acid+ hydrochloric acid) digestion
followed by reaction with 2,3-diaminonaphthalene (DAN). In brief, 100 mg portion of the
sample (fruiting body/straw) was weighed accurately in an acid washed kjeldahl flask containing
5 ml concentrated nitric acid. After 30 min at room temperature, 2 ml of perchloric acid (72%)
was added and kept on kjeldahl digestion unit for 20 min until emission of HCIO, fumes and
condensation of acid in the neck of the flask. The process of digestion was considered to be
complete when the condensation ring reached the top of the neck. The mixture was then allowed
to cool to room temperature. To facilitate the reduction of selenate (SeO,*) to selenite (SeOs%), 2
ml of 1.0 N HCI was added and the flask was placed in the water bath (100 °C) for 15 min. The
digest was quantitatively transferred to graduated tubes (50 ml), washed and made to volume (25
ml) with 0.1N HCI. 1 ml of the digest was added to 200 pl of 1:1 formic acid and 200 pl of
stabilizing solution (A 0.04 M solution of Na;EDTA which contained 10% hydroxylamine

hydrochloride (NH,OH.HCI). The digest was titrated to pH 1.8 with 4.0 N NH,OH and placed
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in a water bath at 50 °C for 10 min. 2 ml DAN (0.1% in 0.1 M HCI) was added to the reaction
mixture, shaken thoroughly (20 sec) and kept in water bath at 50 °C for 30 min. After cooling to
room temperature, 5 ml of cyclohexane were added, and the contents were vigorously mixed,
and allowed to separate. The organic phase (3 ml) was separated and assayed florimetrically at an
excitation wavelength of 360 nm and emission wavelength of 520 nm. Se quantification in each
sample was carried out by relative method using emission spectrum of NIST certified Se ICP

standard solution (SRM-1349).

3.4.1 Selenium estimation using ICP-MS

Total selenium content in the cultivation substrates (i.e., wheat grain and straw) and in
fruiting bodies of Pleurotus florida was measured using ICP-MS with the support of ISS Rome,
Italy. Microwave digestion was performed by means of a Milestone Ethos Pro labstation (FKV,
Italy) with quartz closed vessels, equipped with an infrared temperature control system.
Microwave irradiation was performed with temperature control and automatic continuous
adjustment of power output, with the programme as follows: 37 min ramp to 180° C and 15 min
at 180° C. Approximately 0.3 g of sample were submitted in triplicate to 1 h pre-mineralization
with 3 ml HNO; and then added with 1.5 ml of H,O,, Total Se measurements were carried out in
the Dynamic Reaction Cell (DRC) mode using rhodium as internal standard. The certified
reference material NIST Durum wheat flour 8436 was included in each analytical batch for
quality control. The accuracy of total Se determinations as assessed through NIST 8436 analysis
was satisfactory wherein the certified value was 1.1 = 0.2 ug Se/g dw and a trueness of 91% and
precision of 3% were obtained. Total Se liberated by gastrointestinal digestion was also
determined by ICP-MS. Aliquots of extracts (2 ml) were added with 0.5 ml HNO3 and 0.5 ml

H,0, and submitted to the same digestion procedure as above.
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Studies on Pleurotus florida was furthur extended to understand the species profile of Se-
rich fruiting bodies. Se species liberated by simulated gastrointestinal digestion were
characterised by size exclusion HPLC-ICP-MS and anion exchange HPLC-ICP-MS. Se species
in extracts were identified by retention time matching with the standard substances spiked to the
sample extracts. Quantitative calculations were based on peak areas. Measurements were carried

out in standard mode with the operating conditions listed in Table 3.1.

3.5 Selenium bioaccessibility in mushrooms extracts

For selected samples viz. Pleurotus florida, in-vitro simulated gastrointestinal digestion
was carried out to understand the extent of bioaccesibility of Se. The analysis was carried out

with analytical support of ISS, Rome (Bhatia et al., 2013).

The in-vitro enzymolysis procedure simulating human gastro-intestinal digestion was
carried out in triplicate. In parallel, procedural blanks were run to check the presence of Se in the
reagents. Mushroom samples (0.5 g) were incubated with 5 ml of gastric juice (1% w/v pepsin in
0.15 M NaCl, adjusted to pH = 2 with HCI 37% v/v). After 1 min of vigorous shaking for initial
degassing, the samples were placed in a mixing water bath (GFL 1083, Burgwedel, Germany) at
37 °C for 4 h. Samples were then adjusted to pH 6.8 with 2 M NaHCO. After adding 5 ml of
intestinal juice (3% w/v pancreatin, 1.5% w/v amylase, 1% wi/v bile salts in 0.15 M NaCl),
samples were vigorously shaken for 1 min, degassed and further incubated for 4 h at 37 °C under
gentle shaking. Samples were then centrifuged at 8000g and 4 °C for 15 min, the supernatant
was collected, filtered through 0.45 um membranes, divided into aliquots and stored at -80 °C

until analysis for Se content.
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Table 3.1. Instrumental operational conditions

ICP-MS Settings

RF power

Nebulizer gas flow rate, Ar
Lens voltage

DRC gas flow rate, CH,4
Rejection parameter g (RPq)
Analytical masses

1.4 Kw

1.04 L/min

9.0V

0.7 ml/min

0.45

%Se (total Se/DRC mode), ""Se, %Se (Se
speciation/ standard mode)

Chromatographic Conditions

Size exclusion chromatography
Column

Mobile phase

Flow rate

Injection volume

Isocratic elution

Temperature

Anion exchange chromatography
Column

Mobile phase

Flow rate

Injection volume
Gradient elution

Temperature

Superdex 75 10/300 GL (GE Healthcare)
Ammonium acetate 100 mM, pH 7.5

0.5 ml/min

75 pl

0-60 min

23°C

Hamilton PRP-X100 (250 mm x 4.1 mm, 5 um
equipped with guard column)

(A) Acetic acid 20 mM, triethylamine 10 mM
(B) Acetic acid 200 mM, triethylamine 100 mM
1 ml/min

100 pl

0-5 min: 100% A; 5-30 min: 0-100% B; 30-40
min: 100% B; 40-41 min: 0-100% A; 41-45 min:
100% A

23°C

Source: Bhatia et al. (2013)

3.6 Elemental composition of mushrooms

3.6.1 CHN analysis

Carbon, hydrogen and nitrogen content (%) was determined in powdered sample of

mushroom by using CHN analyzer (Flash EA 1112 series).
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3.6.2 Elemental analysis

Powdered samples of mushrooms (100mg) were subjected to triacid digestion (HNOs3 :
HCLO, : HCI in ratio of 2:2:1) in microwave digestor (MARS 6, USA) with the programme
setting as follows: 15 min ramp to 200 °C; 30 min at 200 °C. After cooling the digested fraction
was filtered through Whatman no. 42 filter paper to 50 ml volumetric flask and was made to
volume with double distilled water. A blank was also prepared using similar experimental
procedure. Aliquots of digested samples were aspirated to atomic absorption spectrometer (AAS;

GBC932AA, Australia) for determination of (Fe, Zn, Mg, Ca and Cu) elemental content.

Total protein content in the mushrooms was determined by the method of Lowry et al.

(1951).

3.7 Determination of antioxidant properties

3.7.1 Preparation of extracts

Prior to use, the fruiting bodies were milled until a fine powder was obtained. One gram
of dried samples were extracted by stirring with 10 ml of 50% methanol for 3 h, at room
temperature using probe ultrasonicator, and filtering through Whatman # 1 paper. The filtrates
were concentrated with a rotary vacuum evaporator at 40 °C. The resultant extracts were stored

at 4 °C until use.

3.7.2 Total phenol content

Total phenolic content was analysed using the Folin—Ciocalteu reagent according to the

method of Singleton and Rossi (1965) using gallic acid as standard, with some modifications.

Page | 46



Briefly, in 0.1 ml of sample was added in 0.1 ml of Folin and Ciocalteu's phenol reagent. The
mixture was incubated at room temperature for 3 min followed by addition of 0.1 ml of saturated
Na,COj3 solution. The final volume was made up to 1 ml with distilled water. The reaction
mixture was incubated for 90 min in dark condition. The absorbance was measured at 765 nm
using UV-visible spectrometer (Hitachi — U2900). Gallic acid at concentrations of 0.05-0.10
mg/ml was used to make standard curve. The mean values were expressed as mg of Gallic acid

equivalents (GAE) per gram of extract.

3.7.3 Lipid peroxidation by TBARS assay

Lipid peroxides were extracted by grinding the sample with 3 ml of 5% (w/v)
metaphosphoric acid and 100 ml of 2% (w/v) butyl hydroxytoluene (in ethanol). Homogenates
were filtered and centrifuged at 15000 g for 20 min. The chromogen was formed by mixing 500
ul of supernatant, 50 ul of 0.2% (w/v) butyl hydroxytoluene (BHT), 250 ul of 1% (w/v)
Thiobarbituric acid (TBA) (in 50 mm NaOH), and 250 ul of 25% (v/v) HCI, and by incubating
the reaction mixtures at 95°C for 30 min (Minotti and Aust, 1987). A blank for all samples was
prepared by replacing the sample with extraction medium, and controls for each sample were
prepared by replacing TBA with 50 mm NaOH. The reaction was stopped by cooling the
samples in an ice bath. For determination of thiobarbituric acid reactive substances (TBARS),
the chromogen formed was extracted by adding 2 ml of 1-butanol, the tubes were vigorously
shaken, the organic (upper) phase was separated by low speed centrifugation and assayed
fluorimetrically (Perkin-Elmer-LS45) at an excitation wavelength of 532 nm and emission
wavelength of 550 nm. Calibration curves were made using malondialdehyde (MDA;Sigma) in

the range of 0.5-5.0 uM.
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3.7.4 Total antioxidant activity

Total antioxidant activity of methanolic extracts of mushrooms was measured according
to the method (phospho-molybdenum assay) outlined by Imran et al. (2011). Different
concentrations of BHT (0.1 — 1.0 mg/ml) were prepared. 0.3 ml of each of the methanolic
extracts was taken in test tube to which 10 ml of 0.6 M sulphuric acid, 10 ml of 28 mM sodium
phosphate and 10 ml of 4 mM ammonium was added. 0.3 ml of methanol served as blank. All
the tubes were incubated at 95 °C for 90 min and cooled to room temperature. The optical

density was measured at 695 nm using UV-visible spectrometer (Hitachi - U 2900).

3.7.5 2,2 Diphenyl 1-picryl hydrazyl (DPPH) scavenging assay

The scavenging activity of the methanolic extracts from mushrooms on DPPH radicals
was measured according to the method of Chu et al. (2000). An aliquot of 900 pul of 0.1 mM
DPPH (Sigma) taken in methanol was added to a test tube with 100 pl of mushroom extract.
Methanol was used as a control. The reaction mixture was mixed at room temperature and the
absorbance was determined immediately by measuring at 520 nm using UV-visible spectrometer
(Hitachi - U2900). The scavenging activity (%SA) of DPPH radicals was calculated using
equation [%SA= (1-Abs in the presence of sample/Abs in the absence of sample) x 100].

Butylated hydroxyl anisole (BHA) (0.05- 0.50 mg /ml) was used as standard.

3.7.6 Metal chelating activity

The chelating activity of the mushroom extracts for ferrous ions was measured following
the ferrozine method (Dinis et al., 1994). 50 pl of the extract was mixed with 50 pl of ferrous

chloride (FeCl,, 2 mM). After 5 min, the reaction was initiated by the addition of 5 mM ferrozine

Page | 48



(0.1 ml), and the total volume was adjusted to 3 ml with deionized water or ethanol. The mixture
was then shaken vigorously and incubated at room temperature for 10 min. The absorbance of
the mixture was determined at 562 nm. The metal chelating activity of the mushroom extracts
was calculated as: % chelating activity = [ (Anegative — Asample) / Anegative] X100, where A is
absorbance. EDTA was used as positive control while absence of extract of the mushroom was

the negative control.
3.8 Determination of cytotoxicity of Se-extracts on lung cancer (A549) cell lines

One gm of freeze dried mushrooms (both Se and NSe) were extracted with different
solvents in order of their increasing polarity (hexane, ethanol, methanol and water) in the ratio
1:10 (w/v). The extracts were vortexed and subsequently sonicated for 3 min. The mixture was
centrifuged at 6000 rpm for 10 min. The resultant supernatant was evaporated to dryness at room
temperature. The residue obtained was weighed and reconstituted in respective solvents and were

stored at -20 °C till use.

The extracts from various solvent fractions were screened using MTT assay according to
previously described method (Mosmann, 1983) on A549 cell line for their anti-tumour activity.
The Human alveolar adenocarcinoma (A549) cell line was grown in a humified atmosphere (5%
COy) at 37 °C in Dulbecco’s modified essential medium containing 10% FBS and 1% Pen-Strep
(Pencillin-Streptomycin). For MTT assay, the adherent cells were detached by trypsinization
from 25cm? flask on the first day. The viable cells were counted by using 0.5% Trypan Blue dye
exclusion method and cell count was adjusted to 2 x 10° cells /ml. 50 pl of various extracts was
added in triplicates in 96 well microtitre plate and air-dried overnight under aseptic conditions to

let the solvent evaporate completely. Wells with solvent alone were kept as controls and dried in
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similar way. The cells were then seeded using a concentration of 2 x 10° cells/ml (100 pl/well).
The microtitre plate was incubated at 37 °C, 5% CO, for 24 h. After incubation, the medium of
each well was removed by aspiration and replaced with experimental bioactive residue (50
pl/well) and incubated for a period of 24 h. After this interval, 0.05 mg of MTT was added to
each well and the plate was incubated for 4 h in CO, incubator. Subsequently after 4 h, the media
was removed from each well and DMSO was added to all wells to dissolve the formazan
crystals. Cell viability was determined by measuring the absorbance at 570nm using Biotek
throughput reader (Power wave 34,USA). The inhibition ratio (I) was calculated according to the
following equation: where A stands for absorbance of control; AB stands for absorbance of

extract.
I (%) = [(Acontrol group — AB treated group)/Acontrol group] X 100

3.9 Preliminary investigations on selenoergothioneine like moiety in Se-fortified

mushrooms
3.9.1 Extraction

One gram of freeze dried fruiting bodies were added to 20 ml of cold ethanolic
extraction solution (10 mm DTT, 100 um betaine, 100 pum MMI in 70% ethanol) and mixed by
vortexing and subsequent sonication for 3 min. An ethanolic solution (4 ml) of sodium dodecyl
sulfate (SDS) was added and mixed by mild shaking. The mixture was centrifuged at 4000 rpm
for 15 min. 10 ml of the supernatant was evaporated using rotary vacuum evaporator to dryness
and the residue was re-suspended in 10 ml of distilled water (pH 7.3) followed by centrifugation

at 4000 rpm for 15 min. The resulting supernatant was further used for the analysis.
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3.9.2 FTIR and LC-MS based analysis

The Se-fortified mushrooms were analysed by FTIR for presence of selenoergothioneine
- like moiety. FTIR analysis was carried out for the extracts wherein infrared spectra were
recorded in the range of 4000-500 cm on Magna FTIR-550 spectrophotometer using KBr pellets.
Following FTIR, samples (extracts prepared for selenoergothioneine analysis) were analyzed by
HPLC (Waters-Alliance 2795) equipped with X-terra C-18 column connected to Waters-
Micromass Q-TOF mass spectrometer. The HPLC conditions were: injection volume 20 pl with
isocratic mobile phase consisting of 30% acetonitrile and 1% acetic acid in water at a flow rate
of 0.5ml/min. The MS conditions were: electrons spray ionization in positive ion mode, capillary

voltage (3000-3250 V), source temperature (120 °C), and probe temperature (250 °C).

3.10 Statistical analysis

All estimations except CHN and mineral analysis were carried in triplicates and were
expressed as mean + standard deviation (SD) values. The comparison between Se and non-Se
samples were drawn using student‘t’ test. The comparison between Se vs Se species was drawn

using one way and two way ANOVA using Graph pad prism software 4.1.
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4.0 Results

The present study was framed to cultivate Se-rich mushrooms on Se-rich agricultural
residues belonging to wheat and paddy crops and to furthur study their uptake and accumulation
profile with respect to control mushrooms (NSe). Similarly non- enriched mushrooms (as
control) were also cultivated on normal agricultural residues to study the Se uptake and

assimilation.

4.1 Mushroom cultivation on agricultural residues

Seven mushroom species belonging to different genera were cultivated on post
agricultural residues belonging to both seleniferous and non-seleniferous (control) sites. Out of
seven species, five belonged to genus Pleurotus viz., P. florida, P. djamor, P. sajorkaju, P.
citrinopileatus and P. ostreatus (Fig. 4.1 - 4.3) and others belonged to genus Agaricus and
Volvariella viz. A. bisporus and V. volvacea. All strains of Pleurotus and Agaricus mushrooms
were cultivated on agricultural residues belonging to wheat crop; however V. volvacea was

cultivated on agricultural residues belonging to paddy crop.

The average vyield of all mushrooms belonging to both Se and NSe (control) on their
respective substrates were recorded after a cycle of 3 flushes and is represented in Table 4.1 as
total yield and biological efficiency % (BE). It was observed that selenium accumulation did not
induced any significant difference in total yield and BE of mushrooms over non-Se (control). In
general Se-rich mushrooms showed almost comparable yield when compared to their respective
control. However when comparison was drawn among various Se-rich species, the order of

increase was as follows A. bisporus > Pleurotus spp. > V. volvacea. The maximum yield (Fig.
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4.4) was obtained with A. bisporus (986.4 £ 19.9 g/5 kg bag) cultivated on Se-rich compost
followed by different species of Pleurotus mushroom (on Se-rich wheat straw), amongst which
P. sajorkaju (400.4 + 13.8 g/0.5kg bag) showed maximum followed by P. ostreatus, P.
citrinopileatus, P. djamor and P. florida followed by V. volvacea (paddy straw mushroom)
showing lowest yield (193.2 £ 23.6 g/ 0.5 kg bag). Biological efficiency (Fig. 4.4) was used to
express the yield of the fresh fruiting bodies per g dry substrate. Se-rich mushrooms showed no

significant difference in terms of BE over control mushrooms.

Figure 4.1. Fruiting of different Pleurotus species cultivated on Se-rich wheat straw; (a) P.

florida, (b) P. djamor, (c) P. citrinopileatus, (d) P. sajorkaju, (e) P. ostreatus

Figure 4.2. Fruiting bodies of paddy straw mushroom (V. volvacea) cultivated on Se-rich

paddy straw
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Figure 4.3. Fruiting bodies of A. bisporus (button mushroom) cultivated on Se-rich compost

Among different genus, BE increased in the pattern different than total yield i.e.

Pleurotus sp. followed by A.bisporus and V. volvacea. Among Pleurotus sp. maximum BE was

shown by P. sajorkaju followed by P. ostreatus > P. citrinopileatus > P. djamor > P. florida.

Table 4.1. Total yield (g/kg dry substrate) and biological efficiency [BE (%)] in selenium
enriched mushrooms and their respective controls (n=3)

Paddy
Wheat straw
Sample straw

A. bisporus P. florida P. sajorkaju P. ostreatus P. djamor P. citrinopileatus V. volvacea

(9/5kg) (9/0.5 kg) (9/0.5 kg) (9/0.5kg)  (9/0.5kg) (9/0.5 kg) (9/0.5 kg)
Total Se 986.4119.9 324.9+7.20 400.4£13.8 391.7+14.6 350.0£30.1 374.0£9.30 193.2+23.6
yield NSe 983.4+29.3 326.7£15.5 398.5+8.10 389.9+18.3 348.4£16.9 3725+11.0 195.1+19.0
B.E Se 19.72+0.39 64.98+1.45 80.0+£2.76 78.34+2.93 70.0 £6.00 74.80 +1.86 19.32 +£2.36
(%) NSe 19.66+0.58 65.35+3.10  79.7 +1.60 77.98£3.70  69.68+3.38 74.50£2.20 19.51 £1.90

ns

ns

ns

ns

ns

ns

ns

ns- non-significant
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4.2 Selenium uptake in mushrooms from substrates

4.2.1 Estimation of total selenium

Total selenium content in raw substrates (wheat and paddy) was analyzed using
florescence spectroscopy and is presented in Table 4.2. The selenium content in Se-rich wheat
(24.0 £ 0.2 pgSe/g DW) and paddy (29.7 + 0.9 ugSe/g DW) straw was found to be significantly
higher (P < 0.001) over their respective controls (1.9 £ 0.8 and 2.0 + 0.6 pgSe/g DW). Se-rich
paddy straw showed significantly higher (P < 0.01) selenium content than Se-rich wheat straw
when comparison was drawn between different Se-rich substrates. Se-rich compost (processed
Se-rich wheat straw) used for cultivation of A. bisporus was also found to contain significantly
(P < 0.001) higher selenium content over non-Se compost. Similarly, level of selenium in Se-rich
spent substrate (left after complete harvesting) bags belonging to both wheat and paddy were
also analyzed to know the extent of Se removal from substrates and the residual amount of
selenium left in bags, after being accumulated by mushrooms in three consective flushes. Se-rich
spent wheat and paddy straw were found to contain 14.2 + 0.12 and 15.8 + 0.2 pgSe/g DW of
selenium, which was found to be just half the amount of selenium present in raw substrates

analyzed before cultivation.

The fruiting bodies (first flush) harvested from Se-rich substrates (wheat and paddy) were
noted to contain significantly higher selenium content over control fruiting harvested from non-
Se substrates (Table 4.3). Different genera of mushrooms accumulated varying concentration of
selenium (Fig. 4.5) depending on the matrix of cultivation and selenium concentration in it. The
fruiting bodies of A. bisporus harvested from Se-rich compost containing a total Se

concentration (in dry weight) of 27.0 + 0.3 ug Se/g DW were noted to accumulate Se
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Table 4.2. Total selenium content in experiment (Se) and non-seleniferous (control)

substrates collected from seleniferous and non-seleniferous sites (n=3)

Total Selenium(pg Se/g DW)

Sample Wheat straw  Paddy straw Compost Spent wheat Spent Paddy
straw straw
Se 24.0+£0.2 29.7+£0.9 27.0£0.3 142 +0.12 15.8+0.2
NSe 1.9+0.8 20+£0.6 15+04 BDL BDL
- - .

(*: P<0.05; **: P<0.01; ***: P<0.001); BDL-below detection limit (< 0.5 pug Se/g )

upto 122.0 £ 1.8 pg Se/g DW as compared to control/ non-Se (NSe) mushroom (14.2 + 0.7 ug
Se/g DW) cultivated on control compost (1.5 £ 0.4 pug Se/g DW). Se-rich A. bisporus exhibited
Se concentrations almost 8.5 times higher than control mushroom. Similarly, the fruiting bodies
of all species of Pleurotus harvested from Se-rich wheat straw containig 24.0 £ 0.2 pg Se/g DW
were noted to accumulate significantly higher (P < 0.001) Se as compared to control mushrooms
grown on control wheat straw (1.9 + 0.8 pg Se/g DW). Among five species of Pleurotus, P.
djamor was found to accumulate high levels of Se as compared to control samples i.e. 145.4 +
2.9 vs 5.0 £ 0.46 ug Se/g DW followed by P. florida, P. ostreatus, P. sajorkaju and P.

citrinopileatus.

Table 4.3. Total selenium content in experimental (Se-enriched) mushrooms and their

respective controls (n=3)

Total Selenium (ug Se/g DW)

Sample
A. bisporus P.florida P.sajorkaju P.ostreatus P.djamor P.citrinopileatus V. volvacea

Se 122.0£1.83 110.5+#1.18 43.5+2.11 443234 1454%29 26.1+2.80 35.0£1.16
NSe 1424+0.7 329+020 52+103 342+0.07 5.0+0.46 297+0.14 6.0 £ 0.07

*k*x *k*k *k*k *k*k *k*k *k*k *k*k

(*** P<0.001)
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The extent of Se accumulation in terms of fold increase is illustrated in Figure 4.5,
wherein an increase of 8 - 33 folds has been observed to be exhibited by five strains of Se-rich
oyster mushrooms over control. Similarly, the fruiting bodies of V. volvacea harvested from Se-
rich paddy straw containing a total selenium concentration of 29.7 + 0.9 pug Se/g DW were noted
to accumulate significantly (P < 0.001) higher selenium (35.0 £ 1.16 pug Se/g DW) content as
compared to control mushrooms (6.0 = 0.07 pug Se/g DW) grown on control paddy straw (2.0 +
0.6 pg Se/g DW). Se-rich V. volvacea fruiting bodies also exhibited Se concentration almost 6
times higher than control mushrooms. A statistical multiple comparisons (Tukey test) analysis
(Fig. 4.6) was drawn between all Se-rich mushrooms in terms of selenium uptake (one-way
ANOVA). A statistically significant difference was obtained at P< 0.05 between different species
of Se-rich mushrooms. However, comparison between Se-rich P. sajorkaju vs P. ostreatus was

found to be non-significant in terms of selenium uptake.

P. citrinopileatus, 8.7 1 A. bisporus, 8.5

V. volvacea, 5.8

P. ostreatus, 12.9

P. sajorkaju, 8.3 _~
P. djamor, 29

P. florida, 33.5

Se vs NSe

Figure 4.5. Selenium accumulation in Se-rich fruiting bodies in terms of fold increase over

control (NSe)
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A.bisporus vs P. djamor P.citrinopileatus vs V.volvacea
A.bisporus vs P. sajorkaju P.ostreatus vs V.volvacea
A.bisporus vs P. florida P.sajorkaju vs V.volvacea

A.bisporus vs P. citrinopileatus
A.bisporus vs P. ostreatus
A.bisporus vs V.volvacea

. djamor vs P. sajorkaju

. djamor vs P. florida

. djamor vs P. citrinopileatus

. djmaor vs P. ostreatus

. djamor vs V.volvacea

. florida vs P. citrinopileatus
. florida vs P. ostreatus
P.florida vs V.volvacea
P.citrinopileatus vs P. ostreatus
P. sajorkaju vs P. florida

P. sajorkaju vs P. citrinopileatus

W U U TUTUTTUTDO

Figure 4.6. Total selenium content in experimental (Se-enriched) mushrooms and
theirespective controls (n=3)
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To study the intraspecies variation in terms of selenium accumulation, a comparison
between different Se-rich mushrooms was drawn. Among Pleurotus, P. djamor showed the
highest Se accumulation followed by A. bisporus and V. volvacea. P. djamor showed 1.2 and
4.2 times higher Se levels over A. bisporus and V. volvacea respectively, whereas A. bisporus

showed almost 3.5 fold increase in Se levels over V. volvacea (Fig. 4.7).

Fold Increase

1.2

P.dja vs A. bis P. dja vs V. vol A. bis vs V. vol

Se vs Se

Figure 4.7. Comparitive study of selenium accumulation in terms of fold increase between

Se-rich fruiting belonging to three different genera

To validate the Se content in mushrooms analyzed by florescence spectroscopy, total
selenium content in the cultivation substrates (i.e., wheat grain and straw) and in fruiting bodies
of Pleurotus florida was measured using ICP-MS. Selenium content (Table 4.4) in Se-rich wheat
substrates (27.9 £ 0.1 pg Se/g DW) was found be higher than the selenium concentration of
control substrate (0.026 = 0 ug/g DW). The fruiting bodies of P. florida harvested from Se-rich
wheat straw (27.9 £ 0.1 pg Se/g DW) were noted to accumulate very high selenium content
(141.0 £ 2.0 ug Se/g DW) as compared to control mushrooms (0.17 £ 0.01 pug Se/g DW) grown

on control wheat straw (0.026 = 0 pug Se/g DW). Se-rich fruiting bodies exhibited almost 800
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times higher selenium content than the control mushroom fruiting bodies. The selenium content
in growth substrates obtained using ICP-MS (27.9 £ 0.1 pug Se/g DW) was nearly comparable
with those analyzed by florimetry (24.0 £ 0.2 pg Se/g DW). However total selenium content in
Se-rich fruiting bodies of P. florida analyzed by ICP-MS (141 + 2.0 pg Se/g DW) was found to

be relatively higher than estimated by florimetry (110.5 £ 1.18 pug Se/g DW).

Table 4.4. Total selenium content in experimental (Se-enriched) substrates and resulting

mushrooms with respect to controls using ICP-MS (n=3)

Total selenium (ug Se/gDW)

Sample Wheat straw Mushroom
Se 279+0.1 141+ 2.0
NSe 0.026 0.17 £0.01

4.3 Selenium bioaccessiblity in mushrooms

This investigation was aimed at studying the bioaccessibility of selenium in Se-rich P.
florida mushroom subjected to in-vitro gastrointestinal digestion (GI). Total selenium content in
GI extracts was analyzed with the help of ICP-MS and is presented in Table 4.5. The soluble
extract obtained after in-vitro simulated gastrointestinal digestion of the selenized mushroom
contained about 106 + 1.6 pg Se/g DW. It implied that the total soluble fraction of selenium
simulating human gastrointestinal digestion was found to be 75% of the total selenium content

obtained.

The GI extracts were subjected to size exclusion chromatography coupled to HPLC-ICP-
MS to study the first fractionation of Se-species on the basis of molecular weight. The extracts

investigated by size exclusion HPLC-ICP-MS revealed that proteins and other high molecular
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weight selenium-containing molecules were hydrolyzed to peptides and low molecular weight
selenocompounds i.e.< 5 kDa (Fig. 4.8) based on column calibration. A peak coeluting with a
SeMet standard (retention time 36.5 min) was clearly visible in the size exclusion chromatogram,
whereas the other major peak (retention time 34.6 min) likely corresponded to SeMet-selenoxide

(SeOMet) and Se-peptides unspecifically produced by the gastrointestinal juice.

Table 4.5. Concentration of Se species in mushroom gastrointestinal hydrolysates

determined by anion exchange HPLC-ICP-MS (ug Se/g DW) (n=3)

Sample SeMet Se(1V) > Other Overall sum Total Se °
species ® of species °
Gl extract 69.2+56 1.84+023 23617 94.6+5.9 105.8+ 1.6

& Sum of Se species other than SeMet and Se(1V)
® Sum of SeMet, Se(IV) and Y Other species
¢ As measured by ICP-DRC-MS.

SelMet
25000 + .
20000 -
2
o
o 15000 4
[72]
& <5kDa
2
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Figure.4.8. Selenium molecular fractions in a mushroom gastrointestinal hydrolysate: size

exclusion HPLC-ICP-MS chromatogram
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To study the speciation of bioaccessible forms of selenium liberated by GI extraction,
anion exchange chromatography coupled to HPLC-ICP- MS was employed. The total (overall)
sum of all selenium species detected in Gl extracts was found to be 94.6 + 5.9 ug Se/g DW. The
major bioaccessible form in the Gl extracts of Se-biofortified P. florida was found to be
selenomethioneine (SeMet) exhibiting a concentraton of 69.2 = 5.6 pg Se/g DW, which
accounted for 73% of the sum of total species detected. A small percentage of SeMet (2%) was
present as SeOMet which was accessed by addition of 0.5% v/v 2-mercaptoethanol (reducing
agent that increased the SeMet peak) to the extracts (Fig. 4.9). Apart from these organic
moieties, a little fraction (2 %) of inorganic Se was present in the form of Se (IV) exhibiting a
concentration of 1.84 £ 0.23 pug Se/g DW. In addition to that, some unidentified low molecular
weight selenocompounds with an overall concentration of 23.6 = 1.7 ug Se/g DW were also

detected which accounted for 25% of the sum of total species detected.

50000 -
SeMet

40000 -
[x]
') i
Py 30000
=
=
2
S 20000 -
E

10000 - SelV

1] ] 10 16 20 25 30 35 40 45

Time, min

Figure 4.9. Selenium species in a mushroom gastrointestinal hydrolysate: anion exchange
HPLC -ICP-MS chromatogram. Overlay of the chromatograms of the sample and the
sample spiked with 250 and 50 pgSe/L of SeMet (RT ~6.5 min) and Se(IV) (RT ~17 min),

respectively
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The next section of work was planned to understand the modulations induced by

selenium on various bioactive and anti-oxidant properties in extracts of fruiting bodies harvested

from Se-rich substrate. The same analysis was followed for non enriched mushrooms (as control)

cultivated on normal agricultural residues.

4.4 Elemental and protein content in mushrooms

4.4.1 Elemental analysis

The organic composition i.e. carbon (C), hydrogen (H) and nitrogen (N) content,

expressed as percent dry weight of fruiting bodies was analyzed in selected oyster mushroom

species cultivated on Se-rich and control substrates. In general the CHN content was nearly the

same in fruiting bodies of all selenium enriched and control mushrooms (Table 4.6).

Table. 4.6. CHN content of Se-rich mushrooms as compared to control mushrooms

S.no Mushroom Carbon Hydrogen Nitrogen
1 Pleurotus djamor (Se) 39.5 6.30 5.79
2 Pleurotus djamor (NSe) 40.0 6.96 7.00
3 Pleurotus sajorcaju (Se) 39.9 5.80 6.95
4. Pleurotus sajorcaju (NSe) 38.7 5.80 7.18
5 Pleurotus citrinopileatus (Se) 38.7 2.90 6.00
6 Pleurotus citrinopileatus (NSe)  39.1 4.30 6.38
7 Pleurotus ostreatus (Se) 38.8 3.50 5.77
8 Pleurotus ostreatus (NSe) 38.9 4.60 6.55
9 Pleurotus fossulatus (Se) 39.1 3.57 6.88
10. Pleurotus fossulatus(NSe) 39.1 2.85 6.44
11. Pleurotus florida (Se) 38.8 3.50 6.53
12. Pleurotus florida (NSe) 38.5 4.97 6.44
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Results inferred no significant difference between Se-fortified and control mushrooms,

indicating that the Se fortification does not affect the nature of CHN profile of the mushrooms.

4.4.2 Effect of Se uptake on the absorption of other elements

To study the effect of selenium enrichment on the absorption of certain nutritionally
important elements in mushrooms, the elemental (Fe, Zn, Mg, Ca and Cu) content of all seven
species was studied. Among all metals detected, the order of accumulation by mushrooms was
found to be highest for Mg in the range of 0.92 - 1.99 mg/g DW, followed by Ca (0.16 - 0.86
mg/g DW) ; Fe (0.1 - 0.52 mg/g DW); Zn (0.07 - 0.26 mg/g DW) and Cu (0.02 — 0.13 mg/g
DW). All mushrooms belonging to both experimental and control were found to be good sources
of minerals. V. volvacea was rich in Fe, Cu and Ca content, on the other hand P. djamor and P.
florida were found to be rich in Mg and Zn. In general, the uptake behaviour for all elements of
interest by Se-rich mushrooms varied within species but was found to be comparable with that of
control mushrooms. Presence of selenium did not induce any appreciable change towards the

profile of other elements that, in general, account for nutritional status of mushrooms.

4.4.3 Total protein content in mushrooms

The average protein content of all mushrooms belonging to both Se and NSe (control) was
studied and is represented in Table 4.7. In general, methanolic extracts belonging to both
experimental (Se-rich) and control mushrooms showed appreciably higher protein content in
fruiting bodies, however when compared amongst each other, Se-rich fruiting bodies of all seven
species showed significantly higher (P< 0.001) protein yield over control. It was observed that

all Se-rich species exhibited near one fold increase in protein content over the control species.
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Among different species, the order of increase in terms of protein yield was found to be
maximum for A.bisporus followed by Pleurotus sp. and Volvariella. Se-rich fruiting of
A.bisporus showed significantly higher protein (316.0 £ 3.16 mg/g DW) content than its
respective control (303.5 £ 4.92 mg/g DW). Similarly, among different Pleurotus species, Se-
rich P. florida showed maximum protein content (314.4 + 1.18 mg/g DW), followed by P.
djamor (312.3 £ 2.87 mg/g DW), P. sajorkaju (308.4 £ 2.69 mg/g DW), P. ostreatus (306.3 +
3.12 mg/g DW) and P. citrinopileatus (292.7 + 2.2 mg/g DW) and these values (mg/g DW) were
significantly higher over their respective controls (Table 4.7). Similar pattern was observed with
Se-rich V. volvacea (301.1 + 3.41 mg/g DW) showing significantly higher protein content over
control (284.2 + 2.29 mg/g DW). A multiple comparison analysis (Fig. 4.10) for protein yield
was drawn between all Se-rich mushrooms. A significant relationship was obtained at P< 0.05
between different species of Se-rich mushrooms proving that these species possess varying

protein content depending on their selenium concentration.

Table 4.7. Total protein content in experimental (Se-enriched) mushrooms and their

respective controls (n=3)

Total protein (mg/g dw)
Sample

A. bisporus P.florida P.sajorkaju P.ostreatus P.djamor P. citrinopileatus V. volvacea

Se 316.0+3.16 314.4+1.18 308.4+2.69 306.3+3.12 312.3+2.87 292.7+2.2 301.1+3.41

NSe 303.5+4.92 300.0+3.65 288.2+2.54 290.2+2.38 302.3+2.48 274.1+1.78 284.2+2.29

*kk *k*k *k*k **k*x **k*x *kxk ***x

(***: P<0.001)
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One way ANOVA between various Se rich species
(*** at P <0.05)
Multiple comparison analysis
P <0.001 P <0.01 P <0.05
P.djamor vs P.citrinopileatus P.djamor vs V.volvacea | P.florida vs P.ostreatus
P.florida vs V. volvacea A.bisporus vs P.ostreatus
P.florida vs P.citrinopileatus V. volvacea vs P. citrinopileatus

P.sajorkaju vs P. citrinopileatus
P. citrinopileatus vs P.ostreatus
A.bisporus vs V.volvacea
A.bisporus vs P.citrinopileatus

Figure 4.10. Total protein content in experimental (Se-enriched) mushrooms and their

respective controls (n=3)
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4.5 Antioxidant properties of mushrooms

4.5.1 Yield of methanolic extracts

To evaluate the antioxidant status of mushrooms, extraction of fruiting bodies was carried
out in 50% methanol. The percent extraction yield was recorded for each mushroom and is
represented in Table 4.8. In general, the extraction yield of mushrooms belonging to both Se-rich
and control was found to be effectively higher. Se-rich mushrooms showed significantly (P<
0.05 to P< 0.001) higher extraction yield over control mushrooms. Among different species, the
order of decrease was for P. florida > P. ostreatus > P. citrinopileatus > A. bisporus > V.
volvacea > P. djamor > P. sajorkaju. The extraction yields (%) among Pleurotus species, i.e. P.
florida, P.ostreatus, P. citrinopileatus, P.djamor and P. sajorkaju were found to be 45.0 + 0.76
;42.3 £0.2; 39.0 £ 0.43; 30.0 £ 0.21 and 28.0 = 1.57 which were significantly higher over their
respective controls (29.0 £ 1.18; 37.0 + 1.1; 23.0 + 0.32; 29.1 £ 0.27 and 26.0 =+ 2.54%).
Similarly, Se-rich A.bisporus (36.1 £ 1.5 %) and V. volvacea (32.7 + 1.0 %) showed significantly
higher yield as compared to their respective controls (31.3 = 1.1 and 29.3 + 1.2 %). It was
observed that all Se-rich species exhibited 1.0 - 1.6 fold increase in extraction yield over the

control species.

Table 4.8. Total yield of mushroom extracts in selenium enriched mushrooms and their

respective controls (n=3)

Yield of extracts (%)
Sample

A. bisporus P.florida  P.sajorkaju P.ostreatus P.djamor P. citrinopileatus V. volvacea

Se 36.1+15 450+0.76 28.0+157 423+0.2 30.0%0.21 39.0+0.43 32.7+1.0
NSe 31.3+11 29.0+118 26.0+254 370%+11 29.1+0.27 23.0+£0.32 293+1.2

* *k*k * ** ** *k*k **
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A multiple comparison analysis (Fig. 4.11) for extraction yield was drawn between all Se-

rich mushrooms. A statistically significant relationship was obtained at P< 0.05 between

different species of Se-rich mushrooms proving that different Se-rich species possess different

extraction yield as function of selenium concentration in respective matrices.
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One way ANOVA between various Se rich species
(*** at P <0.05)
Multiple comparison analysis
P <0.001 P<0.01 P <0.05

P. florida vs V.volvacea

P.ostreatus vs V.volvacea
P. citrinopileatus vs V.volvaceg
A. bisporus vs V.volvacea

V.volvacea vs P. djamor
V.volvacea vs P.sajorkaju

P. florida vs P. djamor
P. florida vs P.sajorkaju
P.ostreatus vs P.sajorkaju

P.citrinopileatus vs P.sajorkaju
P.ostreatus vs P. djamor

Figure 4.11. Total yield of mushroom extracts in selenium enriched mushrooms and their

respective controls (n=3)
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4.5.2 Total phenol content

Selenium is well known for antioxidant reaction in humans and animals. So, it is
important to consider the effect of the total phenol content on the antioxidant activity of selenium
rich mushroom extracts. The total phenolic content, expressed as mg of GAE/g of dry
mushroom, is shown in Table 4.9. The amount of phenolic compounds in the methanolic extracts
from the Se-enriched mushrooms was found to be significantly higher (P < 0.01 to P < 0.001)
than their respective control. Se-rich fruiting bodies (17.73 = 0.5 mg GAE/g DW) of V. volvacea
showed significantly higher phenol content than control (12.7 £ 0.5 mg GAE/g DW). Among
Pleurotus genus, Se-rich species of P. djamor (13.25 £ 0.57 mg GAE/g DW), P. citrinopileatus
(10.5 £ 0.5 mg GAE/g DW), P. sajorkaju (8.39 + 0.65 mg GAE/g DW), P. florida (7.9 £ 0.3 mg
GAE/g DW) and P. ostreatus (7.34 £ 0.30 mg GAE/g DW) also exhibited significantly higher
phenol content than their respective control (Table 4.9). Similar pattern was observed for Se-rich

species of A. bisporus over control.

Table 4.9. Total phenol profiles in fruiting bodies Se-enriched and corresponding control

mushrooms. (n = 3)

Total phenols (mg GAE/g DW)

Sample A. bisporus P.florida P.sajorkaju P. ostreatus P. djamor P. citrinopileatus V. volvacea
Se 355 +0.08 7.9 £0.30 8.39+0.65 734+£030 13.25+0.57 10.59 +0.50 17.73 £0.5
NSe 3.15 +0.09 59+0.39 6.37+0.20 590+£0.39 11.54+0.26 8.49+0.35 12.73 £0.5

. . . . . *k —

(**: P<0.01; ***: P<0.001)

It was observed that all Se-rich species exhibited almost one fold increase in total phenol
content over the control species. The phenol content when compared in terms of Se vs NSe, was

increasing as a function of high selenium concentration in enriched mushrooms against low
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selenium concentration in NSe mushrooms. Comparison drawn among various species indicated

significant difference across all Se-rich mushroom species studied. A significant relationship

was observed at P < 0.05 in terms of phenol content between Se-rich species when subjected to

multiple comparison (Tukey test) analysis using one way ANOVA (Fig. 4.12).
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One way ANOVA between various Se rich species
(*** at P <0.05)
Multiple comparison analysis
p P y!
P <0.001
V_V0|Vacea vs P. djamor P. dj:amOI’ VS P.O?tl’eatus
V.volvacea vs P. citrinopileatus P. djamor vs A.bisporus
V_V0|Vacea vs P. Sajorkaju P. Citrinopileatus vs P. SajOI’kaju
V.volvacea vs P.ostreatus P. citrinopileatus vs P.ostreatus
P. djamor vs P. citrinopileatus P. sajorkaju vs A.bisporus
P. djamor vs P. sajorkaju P. florida vs A.bisporus
P. djamor vs P. florida P.ostreatus vs A.bisporus

Figure 4.12. Total phenol profiles in fruiting bodies Se-enriched and corresponding control

mushrooms. (n = 3)
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However, statistical studies between Se-rich P. sajorkaju vs P. ostreatus, P. sajorkaju vs
P. florida and P. florida vs P. ostreatus were found to be non-significant for comparative phenol
content. It implies that phenol content varies with selenium concentration in fruiting bodies

across all Se-rich species.

4.5.3 Total antioxidant activity

Total antioxidant content of the methanol extracts of mushrooms was measured
spectrophotometrically through phosphomolybdenum assay and was expressed as mg BHT/g
DW (Table 4.10). The antioxidant activity of Se-rich mushroom extracts was found to be
significantly higher (P < 0.05 to P < 0.001) than their respective control. Among five Se-rich
Pleurotus species, P. djamor (5.13 £ 0.15) showed significantly higher antioxidant content
followed by P. sajorkaju (4.58 + 0.16 mg BHT/g DW); P. florida (4.15 + 0.23 mg BHT/g DW);
P. ostreatus (3.50 £ 0.19 mg BHT/g DW) and P. citrinopileatus (2.37 £ 0.10 mg BHT/g DW)
and were found to be higher than their respective controls (Table 4.10). Similarly, Se-rich A.
bisporus (4.37 £ 0.3 mg BHT/g DW) and V. volvacea (0.93 + 0.01 mg BHT/g DW) exhibited
significantly higher antioxidant content in respect to their controls (2.50 + 0.3; 0.82 = 0.07 mg

BHT/g DW).

Table 4.10. Total antioxidant content in selenium enriched mushrooms and their respective

controls (n=3)

Total antioxidant content (mg/g DW)

Sample
A. bisporus P. florida P.sajorkaju P.ostreatus P.djamor P. citrinopileatus V. volvacea

Se 437+03 415+0.23 458+0.16 350+0.19 513+0.15 237%0.10 0.93+0.01
NSe 250+03 3.0%x033 145+0.23 280+0.18 390+0.34 181+0.08 0.82 £0.07

** ** **k*k * ** ** *kk
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It was observed that all Se-rich species exhibited almost 1-3 fold increase in total
antioxidant content over the control species (Fig. 4.13). The total antioxidant content among Se-
rich species in terms of fold increase was also determined, wherein P. djamor showed the highest
antioxidant content followed by A. bisporus and V. volvacea. P. djamor showed 1.8 and 5.5
times higher antioxidant content over A. bisporus and V. volvacea respectively, whereas A.
bisporus showed almost 4.6 fold increase in antioxidant levels over V. volvacea. Statistical
variation (P < 0.05 to P < 0.001) in terms total antioxidant content was observed, among various
Se-rich species (Fig. 4.14). However, analysis between Se-rich P. djamor vs P. sajokaju, P.
sajorkaju vs A. bisporus, P. sajorkaju vs P. florida and A. bisporus vs P. florida were found to

be non-significant for comparative antioxidant content.

V. volvacea, 1.1 P. djamor, 1.3

P. citrinopileatus,

P. ostreatus, 1.25

P. sajorkaju, 3.15

P. florida, 1.38
A. bisporus, 1.74

Figure 4.13. Total antioxidant content in Se-rich fruiting bodies in terms of fold increase

over control (NSe)
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Multiple comparison analysis
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P.djamor vs A.bisporus

P.djamor vs P.florida d
A.bisporus vs P.ostreatus

P.djamor vs P.ostreatus
P.djamor vs P.citrinopileatus
P.djamor vs V.volvacea
P.sajorkaju vs P.ostreatus
P.sajorkaju vs P.citrinopileatus
P.sajorkaju vs V.volvacea
A.bisporus vs P.citrinopileatus
A.bisporus vs V.volvacea
P.florida vs P.citrinopileatus
P.florida vs V.volvacea
P.ostreatus vs P.citrinopileatus
P.ostreatus vs V.volvacea
P.citrinopileatus vs V.volvacea

P.florida vs P.ostreatus

Figure 4.14. Total antioxidant content in selenium enriched mushrooms and their

respective controls (n=3)
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4.5.4 Inhibition of lipid peroxidation

Polyunsaturated fatty acid peroxides generate malondialdehyde (MDA) upon
decomposition. MDA is the secondary byproduct, which is released during lipid peroxidation
(LPO). This study was conducted to analyze the influence of Se-rich fraction of mushrooms on
inhibition of LPO in terms of MDA production. A decrease in production of MDA symbolized
the inhibition of LPO. Se-rich mushrooms in general showed significantly lower values of MDA
as compared to control mushrooms (Table 4.11). The selenium rich extracts of all mushrooms

showed significant decrease (P < 0.001) in MDA levels as compared to their respective control.

The decreasing pattern of LPO inhibition exhibited by Se-rich mushrooms was found to
be in the order A. bisporus < P. sajorkaju (lowest among Pleurotus species) < V. volvacea.
Among Se-rich Pleurotus species, P. sajorkaju exhibited relatively lowest (17.6 £ 4.4 nM
MDA/g DW) MDA levels followed by P. ostreatus (36.2 £ 2.32 nM MDA/g DW); P.
citrinopileatus (115.6 + 2.41 nM MDA/g DW); P. djamor (121.5 + 2.36 nM MDA/g DW) and P.
florida (159.8 + 2.37 nM MDA/g DW) (Table 4.11). Similarly, Se-rich A. bisporus (10.72 +3.6
nM MDA/g DW) and V. volvacea (475.7 £ 4.7 nM MDA/g DW) showed significantly lower

MDA levels than their respective controls (Table 4.11).

It was observed that all Se-rich species exhibited about 1 - 26 fold decrease in MDA
levels over the control species (Fig.4.15). When Se-rich species were compared for relative
inhibition of LPO among each other, a statistically significant variation (multiple comparisons)
was observed at P < 0.05 (Fig. 4.16). However, statistical studies between Se-rich P. sajokaju vs
A. bisporus, P .citrinopileatus vs P. djamor were found to be in-significant for comparative

MDA levels.
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Table 4.11. Lipid peroxidation activity (TBARS) of extracts from Se enriched and control

fruiting bodies (n=3)

Lipid peroxidation (nM MDA/g DW)

Sample -
A. bisporus

P. florida P.sajorkaju  P. ostreatus P. djamor P. citrinopileatus V. volvacea

Se 10.72 +3.6
NSe 32.0+1.60

*k*k

159.8 + 2.37 1766 +4.41 36.25+232 121.5+2.36 1156 £241 475.7 £ 4.7
185.1 +2.27 439.2+4.19 64.60+232 241.5+533 216.3+£1.92 640.6 £5.2

*k*k E X = *k*k *kxk *k*k *k*k

P. citrinopileatus,
.8

P. ostreatus, 1.7 \

A. bisporus, 2.9

V. volvacea, 1.3

)

P. florida, 1

P. djamor, 2

P. sajorkaju, 26

Figure 4.15. Inhibition of Lipid peroxidation in Se-rich fruiting bodies in terms of fold

increase over control (NSe)
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Multiple comparison analysis
P <0.001
P.sajorkaju vs P.ostreatus P.ostreatus vs P. citrinopileatus
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P.sajorkaju vs P. djamor P.ostreatus vs P. florida
P.sajorkaju vs P. florida P.ostreatus vs V.volvacea
P.sajorkaju vs V.volvacea P. citrinopileatus vs P. florida
A.biosporus vs P.ostreatus P. citrinopileatus vs V.volvacea
A.biosporus vs P. citrinopileatus P. djamor vs P. florida
A.biosporus vs P. djamor P. djamor vs V.volvacea
A.biosporus vs P. florida P. florida vs V.volvacea
A.biosporus vs V.volvacea P. florida vs V.volvacea

Figure 4.16. Inhibition of lipid peroxidation (hM MDA/g DW) by extracts of Se-enriched

and control mushrooms (n=3)
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4.5.5 Free radical scavenging activity

To understand the modulations induced by selenium on anti-oxidant properties, the
extracts of Se-rich fruiting bodies were subjected to free radical (DPPH) scavenging assay
(FRS). DPPH scavenging activities of methanolic extracts of mushrooms were measured in
different concentrations ranging from 0.05 to 15 mg/ml and results were expressed as percent
DPPH scavenging (Table 4.12). The scavenging effect of methanolic extract of Se-enriched and
control mushrooms increased with increasing concentration of extract; however Se-rich
mushrooms showed significantly higher radical scavenging than their respective controls (P <
0.05 to P < 0.001). The highest percent DPPH scavenging ability was detected in methanolic
extracts of Se-rich A. bisporus followed by Pleurotus sp and V. volvacea. At 1.0 mg/ml of Se-
enriched extract of A. bisporus, the scavenging effect was found to be 91.4 £ 1.5% which was
significantly higher when compared to control (84.9 + 0.5%). Similarly among Se-rich bodies of
Pleurotus species, at an concentration of 1.0 mg/ml, the radical scavenging was in the range of
13.5+0.51t0 17.23 = 0.7 % which was relatively higher than their respective controls (11.7 + 0.8
to 14.3 + 0.7 %). Se-rich V. volvacea at concentration of 1mg/ml also showed higher scavenging
(15.4 + 0.17 %) than control (10.3 = 0.21%). It was observed that all Se-rich species exhibited

almost 1-2.4 fold increase in radical scavenging over the control species (Fig. 4.17).

Concentration dependent scavenging ability of all mushrooms exhibiting low to moderate
activities were also expressed in terms of ECs (effective concentration to inhibit 50 % of FRS
activity) and is represented in Table 4.13. In general the ECso among all mushrooms (Se-rich and
control) was found to be in range of 0.056 — 14.4 mg/ml, however the Se-rich mushroom extracts
showed relatively lower ECsy than control (Table 4.13). Among Se-rich mushrooms, A. bisporus

(0.056 mg/ml) showed lowest ECs, values than Pleurotus species (9.3 to
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Table 4.12. DPPH scavenging potential of extracts from Se enriched and their respective

control fruiting bodies (n=3)

Scavenging effect (%) of mushroom species on DPPH
Methanolic extract (mg/ml)

Sample 0.05 0.1 0.2 0.3 0.4 0.5 1.0
A. bisporus
Se 47.9£0.09 64.1+1.3 68.2+0.7 72.8+2.35 76.0+1.61 78.0+ 1.77 91.4+1.49
Non-Se 404+1.0 59.8+2.2 628+1.2 66.9 +1.25 70.5+1.42 705+1.0 849+ 0.59
* * ** * * * **
0.5 1 2 3 4 5 10 15
P. sajorkaju
Se 140+05 17.23+0.7 225+05 268+052 377+06 406+10 51.8+03 66.7+1.0
Non-Se 11.1+0.9 1436+0.7 19.7+06 21.8+0.32 289+1.0336+07 451+18 57.7+0.8
*% ** ** *k*k *k*k *k*k ** *k*k
P. florida
Se 126+04 141+04 235+030 254+060 332%0.7 359+06 50.2+08 64.3+0.7
Non-Se 100+11 12.0+0.3 214+0.09 231+041 305+0.2 326+03 441+14 56.2+038
* ** *k*k ** ** ** **x *k*k
P. djamor
Se 11.0+06 135+0.5 18.0+05 254+045 29.7+05 321+09 463+12 61005
Non-Se 94+036 11.9+0.3 165+05 235+050 26.8+0.6 303+04 41.9+0.8 557+06
* * * ** ** * ** *k*k
P. citrinopileatus
Se 13.7+0.2 165+0.3 186+05 23.1+054 249+0.60 29.6+03 46.4+04 60005
Non-Se 10.0£05 12.8+0.6 155+0.8 20.5+055 23.5+0.60 29.0+09 448+06 56.0+04
*k*k *k*k **% *% * ns * *kk
P. ostreatus
Se 119+05 141+05 185+0.7 244+0.75 28.8+0.93 338+05 43.1+12 55006
Non-Se 920+04 1174038 156+0.7 194+0.69 23.3+0.98 28.7+1.0 373+11 502%05
** * ** **x *% **x **x *k*k
V. volvacea
Se 10.9+0.1 154 +0.17 29.6 £0.43 379+122 552+076 62.0+0.48 711+ 0.8 80.0+ 0.4
Non-Se 45+0.3 103+0.21 241+089 321+165 474+061 571+058 651+05 76.3+0.6
*k*k *k*k *kk ** *k*k ** ** **
BHA?  96.7+05 - - - - - - -
Two-way ANOVA
Comparison between extract concentrations: significant at p<0.001
(*: P<0.05; **: P<0.01; ***: P<0.001; ns-non-significant)
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Figure 4.17. Free radical Scavenging in Se-rich fruiting bodies in terms of fold increase

over control (NSe)
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12.4 mg/ml) and V. volvacea (6.0 mg/ml). The statistical tests of significance on free radical

scavenging showed no significant difference at P > 0.05 between Se-rich species (Fig. 4.18),

However, when compared between various extract concentrations (P <0.05), it was observed that

free radical scavenging for a particular species increased with increasing concentration.
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Figure 4.18. DPPH scavenging (%) potential of methanolic extracts of Se-rich mushrooms;
a) A. bisporus, b) V. volvacea, c¢) P. sajorkaju, d) P. ostreatus, e) P. florida, f) P. djamor, g) P.

citrinopileatus; as compared to their respective controls (n=3)
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Table 4.13. ECx values obtained in the antioxidant activity (in terms of DPPH scavenging)

of Se-rich mushrooms as compared to NSe mushrooms

DPPH scavenging (EC50 values; mg/ml)

Sample Se NSe

A. bisporus 0.056 0.076
P. florida 9.90 11.90
P. sajorkaju 9.35 11.80
P. ostreatus 124 14.40
P. djamor 11.6 13.10
P. citrinopileatus 114 12.20
V. volvacea 6.0 7.30

4.5.6 Metal chelation activity

In the present study, the chelating ability of the mushroom extracts toward ferrous ions
(Fe 2*) was investigated. The metal chelating ability of mushroom extracts was expressed in
terms of percent metal chelation and is presented in Table 4.14. The percent chelation effect in
Se-rich and control mushrooms increased with increasing concentration of extracts. The highest
metal chelation activity at 10 mg/ml was exhibited by P. florida (97.1 = 0.40%) followed by A.
bisporus (93.7 + 0.7%) and V. volvacea (56.0 £ 1.75 %). In general, Se-rich mushroom extracts
exhibited significantly higher (P < 0.05 to P < 0.001) metal chelation than control mushroom

extracts.

Among Se-rich fruiting bodies of Pleurotus species, at a concentration of 10 mg/ml, the
metal chelation was in the range of (85.0 + 0.34 - 97.1 £ 0.4 %) which was relatively higher than
their respective control range (75.4 + 0.73 — 86.0 £ 0.7 %). Similarly, Se-enriched extract of A.

bisporus (93.7 + 0.7%) and V. volvacea (56.0 £ 1.75 %) exhibited significantly higher metal
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chelation then their respective control (78.2 £ 1.7 %and 43.0 = 1.41 %). The chelating activities

of mushroom extracts were determined by the ferrozine assay and the effectiveness of extracts at

Table 4.14. Metal chelating activity of extracts from Se enriched and their respective

control fruiting bodies (n=3)

Metal chelation (%) of mushroom species
Methanolic extract (mg/ml)

Sample 0.4 1 2 3 4 5 10
EDTA 85.4+0.7
A. bisporus
Se - 109+091 26.5+0.98 39.0+0.9 46.4+283 53.4+0.92 93.7+0.7
Non-Se - 1.0 £0.73 440122 16.6 +1.7 28.7+137 340087 782+17
*k*k *kkx *k*k *kk * k% *kk

P. sajorkaju

Se - 190+0.96 450+276 67.0+181 73.2+1.99 90.7 £1.37 95.4+£0.32
Non-Se - 11.3+ 131 315+ 054 451+ 275 59.8+270 75.0 £1.96 83.1+ 2.85
*kk *%x *k*k **k *kk *%x
P. florida
Se - 10.4£1.38 26.7+1.36 49.7+0.86 585+0.42 75.0+0.34 97.1+£0.40
Non-Se - 5.90+1.13 16.8+£1.80 35.1+0.49 47.9+0.66 65.9+0.83 86.0 £ 0.75
* ** *k*k * )%k *kk *kk
P. djamor
Se - 21.0+0.87 40.8+0.79 595+0.79 81L7+257 87.7+0.88 96.6 £ 0.45
Non-Se - 12.4+£1.70 31.2+0.95 443+198 59.2+1.95 63.9+0.52 85.5+2.01
** *k*k **k*k *kk *kk *k*k

P. citrinopileatus

Se - 3.06 +0.34 127+031 329+053 53.0+£057 66.9%0.82 85.0+0.34
Non-Se - 1.21+0.20 821+155 234+103 431+031 56.7+0.34 75.4+0.73
*% *% *kk **k* *k*k *kk

P. ostreatus

Se - 3.43+£0.46 18.0+1.27 31.2+1.95 50.7 £0.14 62.3+1.33 88.4+£1.08
Non-Se - 1.1+£0.76 9.4+0.93 19.3+184 33.0+ 1.11 455+1.30 82.0 +0.50
* *k*k *k*k *k*k *kk *k *
V. volvacea
Se - 15.0+1.65 21.8+141 32.0+1.65 35.0+1.75 47.0 +0.53 56.0 £ 1.75
Non-Se - 10.0 + 158 13.8+1.41 24.2 +0.92 30.6 +£0.88 36.0 +0.88 430+1.41
* *%* **k * *k*k **

(*: P<0.05; **: P<0.01; ***: P<0.001; ns-non-significant)

concentrations ranging from 1-10 mg/ml was also expressed as ECsy and is presented in Table
4.15. The Fe**-ferrozine complex formation was significantly prevented by methanolic extracts
of mushroom species. In general, the ECso among all mushrooms (Se-rich and control) was
found to be in range of 2.12 — 7.72 mg/ml, however the Se-rich mushroom extracts showed

relatively lower ECsy than control. Among Se-rich Pleurotus species, P. sajorkaju (2.12 mg/ml)
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showed lowest ECs, values than A. bisporus (4.7 mg/ml) and V. volvacea (7.72 mg/ml). It was
observed that all Se-rich species exhibited almost 1 - 10 fold increase in metal chelation over the

control species at varying concentrations (Fig. 4.19)

Table 4.15. ECy values obtained in the antioxidant activity (in terms of metal chelation) of

Se-rich mushrooms as compared to NSe mushrooms

Metal Chelation (ECs values; mg/ml)

Sample Se NSe
A. bisporus 4.70 6.80
P. florida 3.91 4.97
P. sajorkaju 2.12 4.0
P. ostreatus 4.95 6.22
P. djamor 2.34 4.28
P. citrinopileatus 5.01 6.0
V. volvacea 7.72 >10
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Figure 4.19. Metal chelation ability in Se-rich fruiting bodies in terms of fold increase over

control (NSe)
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The statistical tests of significance on metal chelation showed no significant difference at

P > 0.05 between Se-rich species (Fig. 4.20). However, when compared between various extract

concentrations it was observed that metal chelation for a particular species increased with

increasing concentration at P < 0.001.
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Figure 4.20. Metal chelation (%) activity of methanolic extracts of Se-rich mushrooms; a)
A. bisporus, b) V. volvacea, c) P. sajorkaju, d) P. ostreatus, e) P. florida, f) P. djamor, g) P.

itrinopileatus; as compared to their respective controls (n=3)
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4.5.7 Bioactivity of Se-rich mushroom extracts in terms of cytotoxicity on proliferation of

Lung cancer cell lines (A549)

To examine the effect of bioactive fractions on proliferation of cancerous cells, the crude
extracts of mushrooms (Se and NSe) from four different solvents viz. hexane, ethanol, methanol
and water were tested on Lung cancer (A549) cell lines (Table 4.16). Se-rich bioactive extracts
showed significantly higher cytotoxicity than NSe extracts against cancer cell lines. In case of A
.bisporus, out of the four solvent fractions, hexane fraction showed significant inhibition of cell
proliferation followed by ethanol, methanol and water. The Se-rich fraction inhibited the
proliferation by 89.6%, 87.9%, 64.9% and 47.5% as compared to 83.2%, 42.3%, 4.4% and 9.4%

inhibition by non-Se mushrooms in hexane, ethanol, methanol and water fractions respectively.

Table 4.16. Cytotoxicity (%) exhibited by Se-rich solvent fractions against A549 cancer cell

lines as compared to control mushrooms (n=3)

Cytotoxicity %
Solvent fraction
Sample Hexane Ethanol Methanol Water
A.bisporus (Se) 89.6+0.5 87.9+22 64.9+8.0 475+ 3.2
A.bisporus (NSe) 83.2+3.7 423429 440+3.9 9.4+55
* *kx *kx *k*x
V. volvacea (Se) 748 +0.61 66.0 £ 0.19 54.0+4.1 98.8 +0.08
V. volvacea (NSe) 705+241 55.0 £5.90 3.0+£1.20 98.7+ 0.08
* * *kx NS
P. sajorkaju (Se) 71.6+2.60 91.8+ 0.79 88.3+1.98 83.0+1.12
P. sajorkaju (NSe) 51.0+0.64 0.0 £0.06 11.1 +3.80 55.0 £3.90

*k*k

*k*k

*x*k

*x*k

(*: P<0.05; ***: P<0.001; ns-non-significant)

In case of V. volvacea, various solvent fractions showed marginal to significant inhibition

of cell proliferation. The Se-rich fraction inhibited the proliferation by 98.87%, 74.8%, 66.0%
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and 54.0% as compared to 98.71%, 70.5%, 55.0% and 3.0% inhibition by non-Se mushrooms in

water, hexane, ethanol and methanol fractions respectively (Fig. 4.21).
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Figure. 4.21. Percent (% age) inhibition of cancer cell proliferation against A549 cancer cell
lines by different solvent fraction from Se enriched mushrooms (a) A.bisporus;(b) V.

volvacea; (c) P. sajorkaju and their respective control (n=3)
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Similarly, in case of oyster mushroom (P. sajorkaju) ethanol fraction showed maximum
inhibition of cell proliferation followed by methanol, water and hexane. The Se-rich fraction
inhibited the proliferation by 91.8%, 88.3%, 83.0% and 71.6% as compared to 0%, 11.1%,
55.4% and 51.0% inhibition by non-Se mushrooms in ethanol, methanol, water and hexane
fractions respectively. However, when compared at species level among the three different
mushroom species; Se-rich bioactive extracts of P. sajorkaju showed much potential in
inhibiting proliferation of cancer cells in all four fractions. It was observed that all Se-rich
species exhibited almost 1 - 93 fold increase in % inhibition against cancer cell proliferation over

the control species in various solvent fractions (Fig. 4.22).
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Figure: 4.22. % Cytotoxicity exhibited by Se-rich fruiting bodies extracted in different
solvent fractions in terms of fold increase over control (NSe)
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4.6 Preliminary observations on selenoergothioneine-like moiety

The Se-rich extracts of A.bisporus were analysed for possible presence of
selenoergothioneine (selenium analouge of ergothioneine) like moiety expressed as a function of
selenium hypaeraccumulation. A preliminary indication of presence of such moiety was reached
through FTIR, wherein the Se-rich extracts showed absorption bands at 3424, 2925, 2516, 1630,
1409, 1045 and 931 cm™* (Fig.4.23.). A broad band centered at 3424 cm™* was assigned to
hydrogen-bonded hydroxyl and amine groups. The band at around 2925 cm ™ was assigned to a
C-H stretching vibration. The peak at 2516 cm™* was assigned to an O-H stretching angle. The
absorptions at 1630 cm ' were assigned to the stretching vibrations of the CHO and C=0 bonds.
The broad absorption bands with strong intensities at 1409 cm™* could be assigned to bending

vibrations of O-H bond. The peak at 931 cm ™ indicated the existence of C=Se in the structure.
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Figure: 4.23. FTIR spectra of crude extract of Se-rich mushrooms
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Extending further on the preliminary studies, mass spectral analysis showed the presence
of a molecular ion [M+H]" peak at m/z 278.1 (Fig. 4.24) which corresponds to the molecular
formula CyH15N30,Se and calculated mass 277.1. This compound with the molecular formula
CgH1sN30O,Se appears to be Se analogue of ergothioneine (CgHis5N30,S) where sulphur is

replaced with Se (when accumulated at substantial rates).
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Figure 4.24. Mass spectra of crude extract from Se-rich mushroom

However, the FTIR and MS observations are only suggestive and give preliminary
indication of presence of selenergothioneine like moiety in Se-rich extracts and needs furthur

investigation based on isolation of pure compound from enriched mushrooms.
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5. Discussion

The present study was planned to cultivate Se-rich mushrooms on agricultural wastes
from seleniferous sites and to evaluate the effect of selenium on antioxidant status of the
mushrooms as compared to non-enriched cultivated on normal straw. The studies conducted
yielded mushrooms with substantially high selenium content and also indicated positive effect of

selenium on antioxidant properties of Se-rich mushrooms as compared to non-enriched ones.
5.1 Selenium content in agriresidues

The agricultural residues belonging to wheat and paddy collected from seleniferous sites
of Punjab were analyzed for total selenium content and were furthur used for cultivation of
selenium enriched mushrooms. Similarly Se content in residues collected from non-seleniferous
sites was also estimated and wastes were furthur processed for cultivation of non-enriched

mushrooms.

Biofortification of foods through natural Se resources like agricultural residues from Se
contaminated sites is an effective strategy to deal with the deficiency disorders at regions devoid
of selenium. Moreover, selenium can be efficiently taken up by plants grown on seleniferous
regions with elevated levels of selenium in topsoil. Most of the studies reported till date has been
focused on Se fortification in mushrooms through exogenous supplementation of Se dominantly
as selenite (Gergely et al., 2006). However, agricultural residues naturally enriched with Se that
have significantly high Se levels can effectively be used for generating Se-enriched mushrooms.
The post-harvest agricultural residues generated in seleniferous region of Punjab, India, contain
significantly high Se content in plant parts such as grains and straw of wheat and other cereals, as

reported by Dhillon and Dhillon, 2003a and Sharma et al. (2009). The selenium concentration in
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non-enriched wheat (1.9 + 0.8 pug Se/g DW) and paddy (2.0 + 0.6 pg Se/g DW) substrates was
found to be higher than earlier reports lying in the range of 0.09-0.19 pg Se/g DW in different
substrates (Lee et al., 2009; da Silva et al., 2012). On the other hand selenium concentration in
Se-rich wheat (24.0 + 0.2) and paddy (29.7 + 0.9) straw were within the range (11-146 pg Se/g in
shoots of wheat) of concentrations reported by Cubadda et al. (2010) from identical area and
higher than Se-rich substrates (Elephant grass and Rye grass) from Se-laden sites with selenium
concentration of 0.8mg/kg (Lin et al.,, 2014). The agricultural residues collected from
seleniferous sites with considerably high selenium content could therein be effectively used as

prospective raw material (organic source of Se) for cultivation of Se-rich mushrooms.
5.2 Mushroom cultivation on Se-rich agricultural residues

In the present study, post harvest agricultural residues belonging to seleniferous sites
were collected and used for cultivating Se-rich mushrooms. Effect of Se accumulation on growth
and yield parameter of mushrooms was monitored by comparing the total yield and biological
efficiency (BE) of Se-rich mushrooms with control (NSe) cultivated on non-seleniferous

substrates.

The current study observed no significant difference in terms of yield and biological
efficiency of Se-rich mushrooms over control mushrooms. The results are in agreement with the
observations of Savic et al. (2011), reporting no negative impact of Se accumulation on growth
and yield of A. bisporus cultivated on organic selenium source. Yield and biological efficiency of
Se-rich P. eryngii cultivated on substrate supplemented with sodium selenite was found to be
almost comparable to that of non-supplemented (Estrada et al., 2009). In contrast to organic Se-
supplementation a parameter used in current study, numerous reports are available on effect of

selenium supplementation mostly through inorganic forms, on growth and yield of different
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matrices. Carvahlo et al. (2003), studied the effect of Se supplementation (both inorganic and
organic forms) on yield in terms of fresh weight (edible portion) in tomato and strawberry and
found no significant difference over control except for high organic selenium treatment. On the
contrary, Werner and Beelman (2002), reported a significant negative relationship on crop yield
with A. bisporus at higher inorganic Se levels. Similarly, a reduction of 10-15 % in yield of dill
plants (Cankur et al., 2006) was observed when exposed to Se (IV) as a feature of selenium
toxicity. The present study did not show any symptoms of selenium toxicity in terms of growth
(total yield and BE), probably due to usage of naturally enriched substrate serving as an effective

source of organic selenium.

To study the intra—species selenium interaction, comparison was drawn among different
species of Se-rich mushrooms amongst which A. bisporus showed highest yield followed by
Pleurotus sp. and V. volvacea. Cultivation of mushrooms on substrates belonging to different
sources leads to different yields, due to the biological and chemical differences between them
(Laborde et al., 1993, Ragunathan and Swaminathan, 2003). Mushroom cultivation is dependent
upon substrate- and fungal-associated factors (Buswell et al., 1993). Substrate-associated factors
are the chemical and structural properties of the lignocellulosic substrate. Fungal determinants
are essentially the nutritional and environmental requirements of the cultivated strains, which are
predominantly genetically determined, and the ability to produce the degradative enzymes
necessary for lignocellulose bioconversion. Therefore, this difference can be attributed probably
due to two reasons (i) On the substrate used to cultivate mushroom (ii) the tendency of particular
organism to uptake and accumulate different chemical forms of selenium from the respective

substrate.
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5.3 Selenium uptake and accumulation in mushrooms

This section of study was planned to analyze the selenium accumulation potential of
edible mushrooms belonging to three different genera. The results obtained revealed that all
seven species studied had substantially high selenium accumulating potential from the substrates

used for cultivation.

The natural and commonly processed food sources are generally found less abundant in
selenium (Spallholz et al., 2004), therefore there is a utmost need of Se-enriched food sources for
adequate supplementation. For the same purpose, a number of selenium enriched dietary
matrices studied, which include brazil nuts (Vonderheide et al., 2002), yeast (Mcsheehy et al.,
2005), green tea (Xu et al., 2007), some of selenized vegetables like brocolli (Pedrero et al.,
2007), garlic (Dong et al., 2001), onion (Tejo Prakash et al., 2010; Sharma et al., 2007), and
mushrooms (Maseko et al., 2013; Ogra et al., 2004; Stefanka et al., 2001). Mushrooms are
considered valued products rich in mineral compounds. Mushrooms are generally grouped with
vegetables for dietary purposes, but are not considered as plants. Selenium content of
mushrooms is generally higher than that of most vegetables (Rayman et al., 2008) but it is highly
variable. A wide number of mushrooms have been studied for uptake of selenium, but species
vary in the selenium content with respect to each other. In general mushrooms have been found
to contain selenium < 1 mg/kg DW (Falandysz, 2008). Many attempts have been made to grow
Se-rich mushrooms through artificial means, however, less attempts are reported for cultivation
through naturally enriched matrices.

The resulting concentrations in fruiting bodies of Pleurotus and Volvariella mushrooms
cultivated on unenriched substrates was in range of 2.97 - 6.0 ug Se/g DW which is quite

comparable to the typical range (0.2 — 5.0 ug Se/g DW) of various wild and cultivated
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mushrooms belonging to Pleurotus and Agaricus species (Anderson et al., 1982; Spolar et al.,
1999; Vetter et al., 2005; Falandysz, 2008; Costa-Silva et al., 2011; Savic et al., 2011; Hong et
al., 2011; da Silva et al., 2012) and comparatively less than A. bisporus with selenium
concentration of 14.42 pg Se/g DW. This is quite similar to selenium concentration of A.
bisporus (cultivated on unenriched compost) with selenium content of 12.2 pg Se/g DW in dried
caps (Maseko et al., 2013) and much lower than wild edible species of Boletus edulis and
Albatrellus pes-caprae with selenium concentration in the range of 20-70 and 200 ug Se/g DW

(Falandysz, 2008).

All seven species of Se-rich mushrooms were able to mobilize and accumulate significant
amount of selenium from their respective substrates naturally rich in selenium over control
mushrooms cultivated on control substrates. The ability of other mushroom species to absorb
inorganic Se from the growth substrate present in the range of 5-102 ug Se/g and accumulate Se
in the mycelium as well as in the fruiting bodies (in the range > 1.5-858 pg Se/g DW) has been
reported by various research groups (Wang et al., 2005; Estrada et al., 2009; Cremades et al.,
2012; da Silva et al., 2012). Similar observations have been found to support the current results
wherein Se-rich fruiting bodies cultivated on substrates supplemented with organic selenium
were found to contain considerably higher selenium concentration over control mushrooms

(Gergely et al., 2006; Savic et al., 2011; Savic et al., 2012)

Se-rich fruiting bodies belonging to Pleurotus, Agaricus and Volvariella species
accumulated selenium in range of 26.1 - 145.4 pug Se/g DW which lies in typical variable range
(3.12 - 137.84 nug Se/g DW) of Se-rich mushrooms (Estrada et al., 2009; Cremades et al., 2012;
Savic et al.,, 2012; da Silva et al., 2012) and comparatively lower than Se concentrations

observed in mycelia or fruiting bodies of Trametes versicolor (600-1500 ug Se/g DW), Agaricus
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bisporus (415.0 - 770.7 ng Se/g DW) and Lentinula edodes (748.0 ug Se/g DW) grown on
substrates supplemented with different concentrations of inorganic and organic forms of
selenium (Gergely et al., 2006; Tham et al., 2009; Turlo et al., 2010; Maseko et al., 2013). High
variation in terms of selenium concentration was observed among all Se-rich species for example
when species of three different genera were compared the order of increase was Pleurotus >
Agaricus > Volvariella. Bioaccumulation of metalloid like selenium by fruiting bodies of
different mushrooms is species specific. Lavola et al. (2011), reported high variation in
accumulation of boron between various species of ectomycorrhizal and saprophytic fungi when
grown on same forest soil with common boron content. Similar kind of observation has been
reported in a store of North America from where two brands of the same corn product were
purchased and were found to have 10 fold differences in selenium concentrations (Finley et al.,
1996). Same pattern was followed in present study, where mushrooms of different genera/species
grown on wheat straw with identical selenium concentration yielded variable selenium content.
Species varied drastically in terms of accumulation over each other. Other important factors are
the bioavailable Se content of soil (Wu et al., 2003; Goh and Lim, 2004), growing conditions
such as substrate composition and flush cycle, therefore the selenium content of identical

products can be highly variable.

Expressed on a fresh weight basis, the Se concentration, obtained in the present study,
was 12.0, 14.5, 11.0, 4.3, 4.4, 2.6 and 3.5 ug Se/g FW in Se-fortified fruiting bodies of A.
bisporus, P. djamor, P. florida, P. sajorkaju, P.ostreatus, P. citrinopileatus and V. volvacea
respectively. Assuming negligible losses due to cooking, consumption of 4.5 g (A. bisporus), 3.8
g (P. djamor), 5.0 g (P. florida), 12.7 g (P. sajorkaju), 12.5 g (P. ostreatus), 21.0 g (P.

citrinopileatus) and 15.7 g (V. volvacea) of mushrooms is sufficient to meet the recommended
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dietary allowance (RDA) for adults, which is set to 55 pg Se/day (Bhatia et al., 2013; 10M,
2000). The RDA obtained in the present study for A. bisporus on fresh weight basis (4.5 g) was
found to be much lesser in terms of consumption as compared to RDA (180g) recommended by
Cremades et al. (2012) for Se-fortified A. bisporus. The current study proposes that Se-rich
mushrooms cultivated on agricultural residues collected from seleniferous sites can serve as
prospective dietary source of organic selenium than those supplemented with inorganic sources
exogenously, as the form and concentration of selenium source. Our interpretation is well
supported by the conclusions of Dernovics et al. (2002), which found organic source of selenium
in the form of selenized yeast to be more bioavailable than Na,SeO; for absorption and

accumulation.

5.4 Selenium bioaccessibility in mushroom

Knowledge of speciation and bioaccessibility of an element is essential to evaluate a food
as a potential dietary source of that particular element. For full expression of selenoproteins in
terms of antioxidant functioning, a good bioavailable source of selenium from dietary sources is
required to deal with problems related to oxidative stress. Accumulation of selenium by fruiting
bodies of Se-enriched mushrooms grown on substrates supplemented by inorganic/organic
sources and expression of results as total selenium content has been already reported (Vetter and
Lelley, 2004; da Silva et al., 2012). Determination of total selenium content is although very
important to know the elemental mass balance, yet total mineral content alone cannot provide
sufficient information regarding metabolism and physiological needs, hence it must be
accompanied by speciation and bioaccessibility studies (Uden, 2002). There is a definite need of
searching selenium species other than total mineral content as different ingested selenium species

follow different metabolic pathways in the body (Letavayova et al., 2006).
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Keeping the above mind, apart from studying total selenium content, speciation and
bioaccessibilty of selenium species liberated by gastrointestinal hydrolysates (GI) of Se-rich P.
florida was also monitored using size exclusion chromatography (SEC) and anion exchange

chromatography coupled to HPLC-ICP-MS.

For separations of Se-containing species in liquids, high-performance liquid
chromatography (HPLC) at anion exchange columns (Stadlober et al., 2001) reversed-phase
columns (Mcsheehy et al., 2000), or size exclusion columns (Ferrarello et al., 2002), have been
successfully coupled with element sensitive detectors, such as ICP-MS. Selenium in food as well
as biological samples mainly occurs in the form of non-volatile compounds like
selenoaminoacids, inorganic species and polypeptides. As HPLC-ICP-MS is much more accurate
in terms of sensitivity as compared to other techniques, it has been applied to detect various non-
volatile selenocompounds of high and low molecular weight in the from of SeMet in Lentinula
edodes; Se-methyl selenocysteine and SeMet in Allium sativum and Brassica juncea respectively
(Ogra et al., 2004; Montes-Bayon et al., 2006). Selenium speciation has already been reported by
various researchers in different Se-enriched mushrooms with detection of selenocompounds such
as SeMet (Ogra et al., 2004; Gergely et al., 2006), SeCyst (Yoshida et al., 2005) and MeSeCys
(Gergely et al., 2006). In this study, the Gl extracts subjected to SEC-HPLC-ICP-MS vyielded
peptides and low molecular weight selenocompounds of weight < 5 KDa. The main compound
detected was selenomethioneine (SeMet) along with another major peak that corresponds to
SeMet-selenoxide (SeOMet) and Se-peptides unspecifically produced by the gastrointestinal
juice. Non-solubilized species of selenium liberated after GI digestion might be present in form
of undigestible Se-containing polysaccharides. It has been reported by Munoz et al. (2006) that

part of the Se in Se-enriched mycelia of P. ostreatus is associated with chitin-containing
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structures in cell walls. Formation of Se-containing polysaccharides might be due to the low Se
bioavailability found elsewhere for other species (Chansler et al., 1986; Mutanen, 1986).
Similarly, limited bioavailability might be the result of a low bioaccessibility due to a larger
incorporation of Se in mushroom polysaccharides compared to P. florida in the conditions of the

present study.

Our results are in accordance with the observations of Diaz-Huerta et al. (2005), wherein
SeMet was found to be the dominant bioavailable form of selenium along with presence of some
unknown species of low molecular weight in water extracts of fruiting bodies of three edible
mushrooms (Macrolepiota procera, Lepista luscina and Buletus luridus) analyzed by SEC-ICP-
MS. Similarly, in another study, conducted by many separation techniques such as SEC-ICP-MS
and ion exchange chromatography, Se-accumulating mushrooms (Albatrellus pescaprae and
Boletus edulis), dominantly contained low molecular weight compounds (6 KDa) with a small
fractions of selenite, SeCyst and SeMet and a bulk of compounds left unidentified (Slejkovec et
al., 2000). Gergely et al. (2006), reported presence of SeCyst along with presence of SeMet,
methyl selenocysteine and inorganic forms in A. bisporus and Lentinula edodes by means of
SEC-ICP-MS. The extracts of Boletus mushroom contained Se primarily associated with a
fraction between 2.9-3.2 KDa and a low-molecular-weight fraction along with that 10 % of Se in

the NaOH extraction with a fraction at 50 KDa (Wuilloud et al., 2004).

After first fractionation of GI by SEC-ICP-MS, the collected fraction was subjected to
anion exchange chromatography coupled to HPLC-ICP-MS to furthur characterize the individual
selenium species. The dominant form of selenium was found to be SeMet which accounted for
73% of sum of species detected along with minor concentration of SeOMet and Se (IV) and

about 25% of unidentified species. Similarly the aqueous extracts of shitake mushroom
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accounted for 68% of total selenium in extracts liberated after simulated cooking process, with
SeMet as the major bioavailable form as analyzed by LC-ICP-MS and LC-ESI-MS (Ogra et al.,
2004). Similar results has been reported by Hinojosa et al. (2006), wherein Se-rich yeast
subjected to in-vitro gastrointestinal digestion yielded 90% of total selenium to be in bioavaliable

form and SeMet accounting for 40 % content out of total bioavailable forms.

Se-biofortified P. florida mainly constituted organoselenium compounds, with SeMet as
the major species, therefore indicating its high nutritional potential as compared to selenized
mushrooms accumulating primarily inorganic Se (Estrada et al., 2009; da Silva et al., 2012;
Cremades et al., 2012; Finley, 2006; Bhatia et al., 2013). There is good evidence that increased
Se status attained after supplementation with organic forms of Se is retained for a longer period
after supplementation has ceased than is the case with Se (V) or Se (V1) (Rayman et al., 2008).
Therefore Se-fortified P. florida can serve as a prospective dietary source of organic selenium
with better bioaccessibilty over extended time. The present study illustrates the feasibility of
generation of Se-fortified mushrooms through cultivation on agricultural wastes collected from
seleniferous sites. These dietary matrices can therefore serve as important source of organic

selenium depending on its concentration and speciation in mushrooms.

5.5 Elemental and protein profile in mushrooms

5.5.1 Elemental composition

Mushrooms are widely appreciated across world due to their high nutritional status;
therefore it’s necessary to study their nutritional composition in terms of essential elements. The
minor and essential elements are of great biochemical importance and have nutritional and

clinical values. Macro-fungi possess variable and highly specific ability for uptake of various
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trace elements (metals, metalloids) from soil and subsequent accumulation in fruiting bodies.
Metals such as Mg, Ca, Na, P and Zn are considered to be vital ions in body and are important

co-factors of various enzymes (Higaki et al., 1992; Regan, 1993; Griffith, 1995).

The present study was conducted to analyze and compare the nutritional status of Se-rich
mushrooms (in terms of elemental profile) with control species. Quantification of five different
elements i.e. iron (Fe), copper (Cu), zinc (Zn), magnesium (Mg) and calcium (Ca) was carried
out in fruiting bodies of Se-rich and control mushrooms. The ability of mushroom species to
bioaccumulate the mineral forms from the growth substrate to fruiting is well documented
(Rajarathnam et al., 1998; Kalac, 2010). All seven species of Se-rich and control mushrooms
absorbed substantial amount of metals analyzed during study with no significant difference
between them in relation to uptake. The order of accumulation of elements in current study was
Mg > Ca > Fe > Zn > Cu. The concentration of Mg, Ca, Fe, Zn and Cu metals in Se-rich and
control mushrooms was found to be in range of 0.92 - 1.99; 0.16 - 0.86; 0.1 - 0.52; 0.07 - 0.26
and 0.02 — 0.13 mg/g DW respectively, which are quite comparable for Mg (1.1 - 1.3 mg/g DW),
Cu (0.01 - 0.05 mg/g DW) and Ca (0.19 — 0.86 mg/g DW) studied in A. bisporus and Pleurotus
species (Manzi et al 1999; Vetter, 2003; Vetter et al., 2005) and higher than elemental range
reported for Mg (0.002 — 0.35 mg/g DW); Ca (0.001 — 0.34 mg/g DW); Fe (0.001 — 0.55 mg/g
DW) and Zn (0.0004 — 0.26 mg/g DW) in fruiting bodies of Volvariella and Pleurotus species
(Alam et al., 2008; Mallikarjuna et al., 2013). The uptake and corresponding concentration of
metal ions by macro-fungus dominantly depend on the mushroom species and their ecosystem

(Gast et al., 1988).

The present study indicated that Se-rich mushrooms showed almost comparable uptake of

all elements with respect to control mushrooms. Selenium enrichment did not alter the nutritional
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status/elemental composition of mushrooms. Our observations are in accordance with the
observations of da Silva et al. (2012), wherein selenium addition to substrate did not affect the

overall elemental content of mushrooms.

5.5.2 Total protein content

Since long back, mushrooms have been globally well accepted due to their flavour and
texture as vegetables. They are found to be very rich sources of protein, fibre vitamin and
minerals (Manzi et al., 1999; Matilla et al., 2000; Agrahar and Subbulakshmi, 2005; Kalac,
2009). Mushrooms contain ~ 22% protein containing essential amino acids (Matilla et al., 2000).
Mushrooms belonging to both Se and control species exhibited high protein content lying in the
range of 274 — 316 mg/g on dry weight basis. The observed values were comparable to the crude
protein content (243.2 — 372.8 mg/g DW) estimated in different wild grown mushrooms (Heleno
et al., 2011; Akata et al., 2012;) and were higher (70.2 — 239.1 mg/g DW) than those observed in
different species of cultivated mushrooms (Dundlar et al., 2008; Alam et al., 2008; Lee et al.,
2009; Ulziijargal and Mau, 2011; Jaworska et al., 2011; Reis et al., 2012). A significant
difference between all Se-rich species over control was observed when comparison was drawn
for relative protein content in fruiting bodies. Similar observation was reported by Maseko et al.
(2013), wherein total protein content in Se-fortified fruiting bodies of A. bisporus increased with
increasing concentration of selenium in substrate and was found to be significantly higher than
control. On the contrary, no significant difference in total protein content was observed in
fruiting bodies of A. bisporus cultivated on Se-rich and standard compost (Cremades et al.,
2012). Among various Se-rich species, the protein content varied depending upon the selenium
concentration and was found to be highest for A. bisporus (316.0 mg/g DW) followed by

Pleurotus species (292.7 — 314 mg/g DW) and V. volvacea (301.1 mg/g DW). Since mushrooms
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contained high protein content, therefore it is reasonable to anticipate that selenium may get
incorporated into protein when it is accumulated at high levels, a feature observed in the present
case. Since Se-rich mushrooms contained significant amount of protein on dry weight basis, it is
quite acceptable that mushroom protein fractions may contain high levels of organic selenium.
This is supported by observations in P. florida, wherein the Gl extracts subjected to SEC-HPLC-
ICP-MS vyielded peptides and low molecular weight selenocompounds dominantly present as
selenomethioneine (Bhatia et al., 2013). Therefore, the consumption of Se-rich mushrooms
cultivated on selenium rich substrates (naturally enriched) with abundant protein fractions
containing organic selenium can serve as good dietary food, with appropriate formulation of a

well balanced diet dealing with both nutritional as well as functional attributes.

5.6 Antioxidant properties of mushrooms

5.6.1 Extraction yield

Sample extraction is necessary to convert the samples to the forms that can be analyzed
with due respect to bioactive properties of interest. In the present study, yield of methanolic
extracts of seven species were analyzed to check their extraction efficacy. Extraction yield of
methanolic extracts belonging to Se-rich and control mushrooms was found to be reasonably
high (28.0 - 45.0 %) for all species. These observations were in accordance with the extraction
yield (15.9 - 43.9 %) of methanol extracts of fruiting bodies belonging to Flammulina, Lentinula,
Volvariella and Pleurotus species (Mau et al., 2002; Yang et al., 2002; Cheung and Cheung,
2005; Oke and Aslim, 2011). Selenium rich methanolic extracts yielded significantly higher
extraction yield when compared to control extracts. Our results are in contrast to the observations

of Turlo et al. (2010), wherein Se-rich mycelium as well as fruiting showed comparatively lower
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extraction yield than their control, which could be attributed to the source of selenium
enrichment used during the study i.e., inorganic forms that may cause toxicity to the organism at
certain point. However, in present study, mushrooms accumulated selenium from natural sources
dominantly containing organic moieties of selenium, which could be the probable reason for
higher extraction yield. Apart from these, there are many factors that affect the extraction
efficacy such as nature of sample, extraction conditions etc. Among different Se-rich species the
extraction yield varied significantly which might be a species specific modulation. Difference in
yield can also be credited to the extractibility of different components with varying polarity of

solvent system.

The current results indicated that most of the components in 50 % methanol were high in
polarity and extracted efficiently thereby indicating possible enhancement in biological efficacy

of Se rich mushrooms to be used for various antioxidant studies.

5.6.2 Total phenol and total antioxidant content

Polyphenols are although known to be non-nutritive compounds yet they are reported to
have specific health effects, such as antioxidant properties of phenols play a vital role in
antioxidant mechanism and stability of food products (Wright et al., 2001). Mushrooms can
accumulate a variety of secondary metabolites such as phenolic compounds which are reported
to be excellent antioxidant, antitumour and anti-inflammatory agents (Puttaraju et al., 2006).
Mushrooms are rich source of polyphenols and are widely evaluated for the same by several

authors (Ferreira et al., 2007; Barros et al., 2007; 2008;)

Total phenolics are the most dominantly occurring natural antioxidant moieties extracted

in methanolic extracts of several mushroom species (Mau et al., 2004; 2005). The antioxidant

Page | 103



activity of mushroom extracts is commonly correlated with the total phenol content, evaluated
through colorimetric methods such as Folin-Ciocalteau assay, therefore Se-rich extracts
belonging to different mushrooms species were studied for total phenol content to analyze the
fate of phenol content in presence of selenium. In general, all mushroom extracts belonging to
both Se-rich and control species were found to be excellent sources of phenol with levels lying in
the range of 3.15 — 17.7 mg GAE/g DW. Our studies were comparable with the total phenol
content (2.6 — 15.0 mg GAE/g DW) estimated by other research groups in methanolic extracts
of different mushroom species (Cheung et al., 2003; Puttaraju et al., 2006; Palacios et al., 2011,
Hung and Nhi, 2012; Reis et al., 2012), except for Se-rich V. volvacea which showed higher
phenol content (17.7 mg GAE/g DW) than range observed. However, the levels observed were
lower in comparison to total phenol (23.3 mg GAE/g DW) estimated in methanolic extracts of
A. bisporus by Reis et al. (2012). Se-rich mushrooms showed significantly higher phenol content
over control across all species studied, with V.volvacea exhibiting highest content and A.
bisporus being the lowest. It may be due to inhibition of enzymatic polyphenol oxidation by
secondary effect mediated through strong antioxidant-active selenium compounds. Our results
are fully supported by observations of Turlo et al. (2010), wherein total phenol content of
methanolic mycelial extracts of Lentinula edodes were found to be higher for selenated fractions
as compared to non-selenated fractions. Similarly, total phenol content increased with rising
concentration of selenium in rye crop as compared to the control (Antoneko et al., 2013). In
contrast to these observations, Se-rich A. bisporus showed almost similar content of phenols
when compared to their respective control (Cremades et al., 2012). Antioxidant activities of
phenolic components play a vital role in the antioxidative defense mechanisms exhibited by the

biological systems (Macheix and Fleuriet, 1998). In addition, Se is well known for its association
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with antioxidant mechanisms in humans and animals. Therefore, increase in the phenol content
in Se-enriched mushrooms may be due to the influence of Se in promoting the synthesis and
activity of antioxidant metabolites, a feature that could be observed in the present study. Cartes
et al. (2005) suggested that Se induces the antioxidant capacity by its relationship with glutatione
peroxidase (GPx), the activity of which intensifies at higher Se concentrations. Activities of
several enzymes such as glutathione peroxidase, glutathione reductase and superoxide dismutase
are positively influenced by different classes of polyphenols (Rodrigo et al., 2005).

Total antioxidant content in Se-rich fruiting bodies followed the same trend as total
phenol content. Amongst all species, P. djamor showed the highest antioxidant content and V.
volvacea showed the lowest. Similarly, observations reported by Imran et al. (2011), wherein P.
eous (Pink mushroom) showed higher activity in terms of total antioxidant content than other
species studied (P. florida). All Se-rich mushrooms exhibited significantly higher antioxidant
content than their respective controls. Similar to our observation, Rios et al. (2008) reported
increase in various antioxidants in broccoli as a result of selenium application in the form of
selenate. Therefore increase in total antioxidant content as a function of Se uptake, adds on to the
overall antioxidant status of mushrooms.

It is also evident from the studies that phenol content affects the GPx activity which is
furthur dependent on selenium (acting as an co-factor) concentration of matrices, therefore Se-
rich mushrooms with high phenol and total antioxidant profile than normal mushrooms may
enhance the GPx activity, thereby intensifying the total antioxidant status.

5.6.3 Inhibition of lipid peroxidation
Lipid peroxidation leads to structural and functional damage of the biomolecules along

with cellular structure of cellular components; moreover oxidation of low density
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lipopolysaccharides leads to clinical conditions such as artherosclerosis. Mushrooms generate
phenolic antioxidants that inhibit LPO (Yen and Chen, 1995). Till date, various studies showing
low to high antioxidant activities in terms of LPO inhibition has been conducted on different
species of mushrooms, wherein mushrooms belonging to Agaricus bisporus, Agaricus
bransiliensis, Ganoderma lucidium inhibited LPO by 46.3-83.4% (Kozarrki et al., 2011); ear
mushrooms inhibited LPO upto 38.6-74.6% (Mau et al., 2001); some wild species of mushrooms
(Boletus edulis, Cantharellus cibarius, Craterellus cornucopiodes, Calocybe gambosa,
Hygrosphorus marzuolus and Lactarius deliciosus) inhibited LPO by 36.0 — 74% (Palacios et al.,
2011); on the other hand Antrodia camphorata (Huang, 2000) and Ganoderma lucidium (Lin,
1999) showed excellent activity as evident by inhibition of LPO by 5.88 - 6.41 %. Apart from
mushroom extracts, the antioxidant properties are also derived from essential elements like
selenium which is known to have important role in LPO prevention (EI-Demerdash, 2004). The
current study was carried out to visualize the effect of selenium on lipid peroxidation profile of
mushrooms. Se-rich mushrooms belonging to all seven species exhibited significantly lower
MDA levels (a measure of LPO) than their respective controls. This may be due to rich
antioxidant profile of Se-rich mushrooms in terms of high phenol and total antioxidant content as
discussed in earlier sections. This statement is supported by the fact that phenolic compounds
exhibit antioxidant activity through inhibition of oxidation of low density lipoproteins (Vinson et
al., 1995; Teissedre and Waterhouse, 2000). Cheung et al. (2003) also correlated the antioxidant
activities of mushrooms with their phenolic content. Our results are supported by observations of
Turlo et al. (2012), wherein Se-rich methanolic mycelial extracts showed significantly lower
lipid peroxidation than control extracts. The same group suggested that high concentration of

selenium in mycelial extracts leads to more pronounced antioxidant properties such as LPO and
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scavenging activities than control. Song et al. (2009) reported that Se-enriched mycelial extracts
of Stropharia rogoso-annulata exhibited relatively lower MDA levels than other treatments.
Similarly, Tejo Prakash et al. (2010), observed a positive correlation between selenium
concentration and antioxidant activities in Allium cepa. Selenium role in inducing antioxidant
capacity in terms of decrease in lipid peroxidation has already been reported by Fatma and
Demerdash (2004), wherein selenium supplementation reducing the level of free radicals by
decreasing total lipid content and enhanced activity of glutathione S transferase. Similarly in
another study, selenium supplementation prevented LPO in brain tissues of rats supplemented
with 0.6 mg/kg of sodium selenite as compared to control, when subjected to arduous exercise

(Akil et al., 2011).

Apart from these studies, many researchers have studied the effect of supplementation of
selenium on lipid peroxidation under in - vivo conditions. Pleurotus ostreatus enriched with
selenium and zinc when administered to mice, resulted in significant decrease in MDA levels as
compared to those fed on normal diet (YYan and Chang, 2012). Trbojevic et al. (2010), reported
significantly lower LPO in mice injected with sodium selenite than other treaments devoid of
selenium. Similarly in another study, supplementation of selenomethioneine to goats lead to
significant decrease in MDA values at increasing concentrations of selenium (Yue et al., 2009).

The present study, thus proposes, a possible exploration on consumption of Se-rich
fruiting bodies of mushrooms cultivated over normal mushrooms to protect against oxidation of
polyunsaturated fatty acids in low density lipoproteins especially in human beings due to their

potential ability to reduce lipid peroxidation.
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5.6.4 Free radical scavenging activity of mushroom extracts

This study, Se-enriched mushrooms were studied for antioxidant activities in terms of
free radical scavenging (FRS) in comparison to regular mushrooms to understand the
modulations induced by selenium. The most widely used method among free radical scavenging
assays (FRS) is the DPPH scavenging model for evaluating FRS abilities of antioxidants. In this
particular assay, antioxidants, with the ability to donate hydrogen, reduce the stable DPPH
(purple) to the non-radical form DPPH-H (yellow). Free radicals generated due to oxidative
processes pose a threat to structures and functions of cells. To deal with oxidative stress, three
mechanisms operate in cells that (Bartosz, 1995) include prevention of reactions of reactive
oxygen species with biologically-significant compounds; breaking free radical chain reactions
and undesirable non-radical oxidation reactions; scavenging the products of free radicals
reactions and repair of damages.

The free radical scavenging potential of mushroom extracts was studied by examining
the effect of methanolic extract on scavenging of DPPH. Antioxidant activity in terms of free
radical scavenging activity of non enriched mushroom extracts is well reported (Puttaraju et al.,
2006; Kim et al., 2008). The scavenging effect of methanolic extract of Se-enriched and control
mushrooms increased with increasing concentration of extract. The DPPH scavenging ability
(ECso mg/ml) of extracts of various mushrooms has been reported to be lying in the range of 0.9
— 6.54 mg/ml (Oke and Aslim, 2011; Reis et al., 2012); which are found to be higher than ECsg
studied in Se-rich A. bisporus (0.056 mg/ml) comparable to ECs, value observed for Se-rich V
.volvacea (6.0 mg/ml) and much lower than ECs, values for Se-rich Pleurotus species (9.3 — 12.4
mg/ml). The percent FRS studied in present case was found to be much higher than methanolic

extracts of Lentinula edodes (29.4% at 9 mg/ml) reported by Cheung et al. (2003). The Se-rich
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mushroom extracts showed significantly higher FRS than respective controls, with the order of
scavenging found to be A. bisporus > Pleurotus sp > V. volvacea. The relatively high FRS
activity of Se-rich mushroms over control might be due to presence of organic moieties of
selenium that are known to be linked to beneficial biological effects and disease prevention
(Clark et al., 1996; Flores-Mateo et al., 2006). The antioxidant effect of selenium comes from the
fact that this element is an intergral part of active site of various enzymes (Glutathione
peroxidase and thioredoxin reductase) responsible for protecting cells from oxidative damage
arising from free radical damage (Reeves and Hoffmann, 2001). Our results are supported by the
observation of Turlo et al. (2010), wherein the FRS effect of Se-rich methanol extracts was
almost two times higher when compared to their corresponding controls. Similarly, protein
extracts from Se-rich Ganoderma lucidium exhibited higher scavenging activities on superoxide
and hydroxyl radicles than their regular analogs as controls (Zhao et al., 2004).

Now-a-days, a variety of antioxidants synthesized synthetically [( butylated hydroxy
anisone (BHA), gallic acid and butylated hydroxy toluene (BHT)] are avaliable but has been
suspected to promote negative health effects (Barlow, 1990). Therefore, there is a definite need
to replace them with naturally occuring antioxidants. Mushrooms enriched with essential
antioxidant elements like selenium will definitely serve as promising defense against pro-
oxidant conditions, as many low molecular weight compounds containing selenium has been to
exhibit antioxidant and antitumour activities (Tapiero et al., 2003).

5.6.5 Metal chelation activity of mushroom extracts

Free radical generation and their subsequent oxidative damage are well controlled by

metal ion chelating properties of an antioxidant molecule. Lipid peroxidation through subsequent

chain reaction initiated by metal ions is the main factor for degradation of food (Gordon, 1990).
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The incidences of cancer and arthritis are also correlated with the catalysis of metal ions
(Halliwell et al., 1995). Metal ion chelating reduces the concentration of the transition metal
catalyzing the process of lipid peroxidation and thereby plays an important antioxidant
mechanism (Dodig and Cepelak, 2004). Since ferrous ions are the most efficient prooxidants in
the food systems (Yamaguchi et al., 1988), the enhanced chelating effects of methanol extracts
from Se-enriched mushrooms would be more desirable over those obtained in control
mushrooms. In present study, it was observed that methanolic extracts of all mushroom species
exhibited low to high metal chelation effect lying in the range of 43.0 — 97.1 % at a concentration
of 10 mg/ml. The studied values were found to be lower than those of Amantia caesarea and
Leucoagaricus pudicus showing metal chelation of more than 90 % at 4 mg/ml (Sarikurkcu et
al., 2010) and higher than observations of Lin, (1999); exhibiting chelating ability of 46.4 — 52.0
% for various mushrooms such as black stinkhorn, white matsutake and lion’s mane at
concentration of 24 mg/ml. Chelating effect of selenium rich mushrooms from Se-rich
mushrooms was found to be significantly higher than non-enriched mushrooms. High variation
in terms of metal chelation was observed among all Se-rich species when species of three
different genera were compared with order of increase being Pleurotus > Agaricus > Volvariella.
The high rate of metal chelation of Se-rich mushrooms might be due to presence of
organoselenium moieties which are found to be more bioavaliable to induce selenoenzyme
expression. Similarly, Turlo et al. (2010), suggested that selenium enrichment enhanced the
antioxidant activities of mycelia extracts likely due to presence of high amount of

organoselenium compounds.

It has been reported that metal-antioxidant coordination leads to antioxidant activity and

are supported by in vitro studies investigating metal-mediated oxidative stress and disease. Iron-
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mediated DNA damage inhibition is seen for methyl-selenocysteine, selenocystamine, 3,3-
diselenobispropionic acid, and 3,3-selenobispropionic acid but to a lesser extent than with copper
(Battin et al., 2006). Metal-selenium complexation may afford cellular protection against
oxidative DNA damage by altering the redox potential of the metal ion and preventing reduction
of H,0, and thus oxidative DNA damage.

The results suggested that moderate ferrous-ion chelating ability showed by Se-enriched
mushroom extracts could be beneficial to health. The high metal chelating activity of Se-
enriched mushroom is therefore assumed to be due to specific metal-selenium compound
interactions that greatly affect antioxidant activity based on the metal type and the special

features of the Se compound.

5.6.6 Antiproliferative activity of Se-rich extracts against A549 lung cancer cell line

Several animal and human experimental studies have shown the anti-cancer effect of
organic selenium in the form of selenized yeast (Spolar, 1999; Hu et al., 2010), selenized milk
(Hu et al., 2008), selenocysteine and selenomethioneine (Amako et al., 2009). Both mushrooms

and selenium have been known to show anticarcinogenic activities (Maseko et al., 2014),

The current study was attempted to check whether combination of two nutritive agents
will enhance the antiproliferative activity against A549 lung cancer cell lines. In general the
crude non - enriched mushroom extracts from four different solvent fractions (hexane, ethanol,
methanol and water) exhibited appreciable antiproliferative activity in terms of percent
cytotoxicity against cell lines. Anticancer (lung cancer) properties from extracts belonging to
various mushrooms are well documented. Intraperitoneal administration of aqueous extracts of

Hypsizigus marmoreus exhibited inhibitory activity against spontaneous tumour metastasis in
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mice with lewis lung carcinoma (Saitoh et al., 1997). Similarly, administration of bioactive
extracts of Phellinus linteus at a low concentration induced cell - cycle arrest and the high dose
responded as apoptosis in human and mouse lung cancer cell (Guo et al., 2007). Blazein
extracted from A. blazei induced cytotoxicity and morphological change that indicated apoptopic
chromatin condensation in LU 99 human lung cancer cell lines (Itoh et al., 2008). Choi et al.
(2004) reported cytotoxic effects of Pleurotus ferulae extracts on A549, SiHA and HeLa cancer

cells lines, wherein ethanolic extracts showed cytotoxicity at an concentration of 10 pg/mi

against A549 cell lines and a concentration of 40 ug/ml against SiHA and HelLa cancer cells.

When Se-rich solvent fractions from mushrooms (A. bisporus, V. volvacea and P.
sajorkaju) were compared with non-enriched fractions, there was a significant difference in
terms of cytotoxicity, with Se-rich mushrooms showing higher activity across all solvent
fractions studied. This could be attributed to possible presence of variety of unknown bioactive
species in Se hyperaccumulating mushrooms (Bhatia et al., 2013). Apart from the unknown
moieties, many known selenium containing compounds such as selenate and selenomethioneine
(Combs, 1997; Ip, 1986), selenobetaine and Se-methylselenocysteine (Ip and Ganther, 1990,
1992) are known to inhibit cancer. The presence of such Se-rich moieties might be directly
affecting intracellular transduction pathway, triggering specific signaling reactions that may add
to cancer inhibition. Zhuo et al. (2004), studied significant decrease in the risk of lung cancer
when associated with high selenium exposure in epidemiological evidence from sixteen studies.
Our results are supported by Maseko et al. (2014), reporting Se-rich A. bisporus as a biologically
functional organic Se source, showing activity against oxidative stress and colorectal cancer.
Similarly  A.bisporus enriched with selenium was found to suppress 7,12-

dimethylbenz(a)anthracene bioactivation in mammary tissue (Spolar et al., 1999). This study
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gives a preliminary idea of effect of selenium on anti-proliferative properties of lung cancer cell

lines.
5.7 Identification of selenoergothioneine like moiety

Mushrooms are reported to be potential sources of antioxidant compounds like
ergothioneine (ESH) (Lindequist et al., 2005). ESH is known to be synthesized in
mycobacterium as well as fungi that include some particular species of mushrooms (Melville et
al., 1955), and has known in-vivo antioxidant (Akanmu et al., 1991) along with protective role
against oxidative damage (Aruoma et al., 1999). Ergothioneine is a naturally available amino
acid and is thiourea derivative of histidine, possessing a sulfur atom in the imidazole ring.
Selenium has chemical properties similar to sulphur and therefore it is expected that sulphur
atom may get replaced with selenium to yield selenium analogue of ergothioneine, a proposed
concept of current study. Therefore, an attempt was made to identify selenoergothionine like
moiety in Se-rich mushroom extracts. The FTIR and MS spectra gave preliminary indication of
presence of such selenium compound like moiety.

The FTIR observations obtained in the study are closely supported by the reports of Al-
Mudhaffar and Hasan (2012), where characteristic strong bands due to v C=Se were observed in
the range between 864-987 cm ™. The presence for selenoergothioneine, in Se-rich mushrooms,
was also confirmed through MS-ESI data that was in full agreement with the spectra information
reported by Yamashita et al. (2010). However, the FTIR and MS observations are only
suggestive and need detailed extraction and examination of various fractions.

Further, in mushrooms, cultivated on substrates exogenously supplemented with Se as
inorganic selenite, selenoergothioneine was observed to be synthesized along with other

organoselenium compounds (Beelman et al., 2007). The selenoergothioneine is formed where
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Se effectively replaces S in the ergothioneine moiety. This molecule is expected to exist as two
tautomeric forms viz. selenoxo and selenol as suggested by Yamashita et al. (2010). Pioneering
work by Beelman et al. (2007), envisaged enhanced potential of selenoergothioneine in
mushrooms due to combined benefits of two very strong antioxidant moieties, viz., Se and
ergothioneine. Further, reporting the identification of selenoergothioneine (or selenoneine) in
tuna fish, Yamashita et al. (2010; 2011) , indicated interaction of these molecules with heme of
globins to protect it from auto-oxidation of iron ions under micro-aerophilic conditions.

The present study gives preliminary information regarding presence of
selenoergothioneine like moiety and requires furthur extended work. However expression of Se-
rich compounds and bioactive moieties as a function of Se uptake is yet to be carried out
extensively and therefore furthur characterization of various chemical moieties in Se-rich
mushrooms is still required.

In conclusion, the study thus presents the observations on the uptake and bioactivity of
selenium by different species of edible mushrooms using selenium hyperaccumulated
agricultural residues as substrates. The salient feature of the study is the potential use of waste
selenium rich agri-residues of producing selenium fortified mushrooms that can be used as
supplements or neutraceuticals for Se deficient population. The observations on the enhanced
bioactivity in terms of anti-oxidant and cytotoxic effects, as a function of selenium, further

strengths the concept of the potential use of these matrices for neutraceutical applications.
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Conclusion

Seven edible mushroom strains namely Agaricus bisporus (U-3) and Volvariella volvacea
(Vv-4) and five strains of Pleurotus, viz. Pleurotus florida (DMRP-136), Pleurotus djamor
(DMRP-205), Pleurotus sajorkaju (DMRP-112), Pleurotus citrinopileatus (DMRP-10) and
Pleurotus ostreatus (DMRP-2) were cultivated on agricultural residues belonging to selenium
rich and non enriched sites. All Se-rich strains were found to accumulate significantly high
selenium content than respective non-Se strains, wherein Se-rich P. djamor (145.4 ug Se/gDW)
was found to accumulate relatively higher total selenium content than other mushroom species

and Se-rich P. citrinopileatus (26.1 pg Se/gDW) accumulated the lowest.

Total soluble form of selenium in gastrointestinal extracts (GI) of P. florida as analysed
by ICP-DRC-MS was found to be 105.8 £ 1.6 pg/g dw, which provided an indication that 75%
of selenium was appreciably bioavailable to the body. Investigation of the Se molecular fractions
revealed that proteins and other high molecular weight selenium-containing molecule were
hydrolyzed to peptides and low molecular weight selenocompounds (<5 kDa based on column
calibration). Se speciation in the Gl was dominated by selenomethioneine, which represented
73% of the sum of the detected species. Only 2% of the detected species was present as inorganic
Se in the form of Se (IV). A number of other low molecular weight selenocompounds generated
during the gastrointestinal digestion, accounting for 25% of the chromatographed Se, remained

unidentified.

Mushrooms cultivated on naturally Se-enriched substrates did not differ from controls in
terms of yield and biological efficiency. Mushroom cultivated on Se-rich agricultural residues

were examined for their elemental content with respect to their control. In general, the CHN for
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selected mushrooms (P. florida, P. sajorkaju, P. djamor, P. ostreatus and P. citrinopileatus) and
Fe, Zn, Cu, Mg, Ca content for all seven species (A. bisporus, V. volvacea, P. florida, P.
sajorkaju, P. djamor, P. ostreatus and P. citrinopileatus) was found to be similar in fruiting

bodies of both selenium enriched and control mushrooms.

Se-rich fruiting bodies of all mushrooms have shown significantly higher antioxidant
status in terms of all antioxidant assays as compared to control ones. However, when compared
at species level, different species have shown varying levels of selenium uptake and therefore
varying antioxidant activity. Se-rich V. volvacea (17.7 = 0.5 mg GAE/ g DW) showed highest
phenol content, Se-rich A. bisporus has shown maximum lipid peroxide inhibition (17.6 = 4.4
nM MDA/g) and highest free radical scavenging (91.4 £ 1.4 % at 10 mg/ml) with ECs, value of
0.056 mg/ml as compared to other Se-enriched species respectively. Similarly, Se-rich P.
sajorkaju exhibited relatively higher metal chelation with ECs, value of 2.12 mg/ml as compared

to other Se and NSe species.

To examine the effect of bioactive fractions of selected species (A. bisporus, V. volvacea
and P. sajorkaju) on proliferation of A549 lung cancer cells, the crude extracts of mushrooms
(Se and NSe) from four different solvents viz. hexane, ethanol, methanol and water were tested.
Se-rich bioactive extracts showed significantly higher cytotoxicity than NSe extracts against the
cell lines. The Se-rich fraction inhibited the proliferation by 89.6%, 87.9%, 64.9% and 47.5% as
compared to 83.2%, 42.3%, 4.4% and 9.4% inhibition by non-Se mushrooms in hexane, ethanol,
methanol and water fractions respectively. In case of V. volvacea, various solvent fractions
showed marginal to significant inhibition of cell proliferation. The Se-rich fraction inhibited the
proliferation by 98.87%, 74.8%, 66.0% and 54.0% as compared to 98.71%, 70.5%, 55.0% and

3.0% inhibition by non-Se mushrooms in water, hexane, ethanol and methanol fractions
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respectively. Similarly, in case of oyster mushroom (P. sajorkaju), ethanol fraction showed
maximum inhibition of cell proliferation followed by methanol, water and hexane. The Se-rich
fraction inhibited the proliferation by 91.8%, 88.3%, 83.0% and 71.6% as compared to 0%,
11.1%, 55.4% and 51.0% inhibition by non-Se mushrooms in ethanol, methanol, water and
hexane fractions respectively. However, when compared at species level among the three
different mushroom species; Se-rich bioactive extracts of P. sajorkaju showed much potential in
inhibiting proliferation of cancer cells in all four fractions.

The Se-rich extracts were analyzed for possible presence of selenium analogue of
ergothioneine (selenoergothioneine like moiety) using FTIR and LC-MS. A preliminary
indication of presence of selenoergothioneine like moiety, was reached by FTIR wherein the
characteristic peak at 931 cm " indicated the existence of C=Se in the structure. The presence of
selenoergothioneine was furthur indicated through results of LC-MS analysis, with a molecular
ion [M+H]" peak at m/z 278.1 corresponding to the molecular formula CoH;sN30,Se and

calculated mass of 277.1.

Essentiality of selenium as a micronutrient is gaining ground extensively. A significant
component of world’s population is at risk of exposure to several diseases due to sub-optimal
selenium intake. Therefore the study envisages and proposes the use of Se-hyperaccmulated
mushrooms with enhanced bioactivity for preparation of Se supplemented neutrceuticles that can
facilitate bioavaliable and accessible Se required to overcome the deficiency. As an added
benefit, this approach can also facilitate the re-use of Se-rich agricultural residues which

otherwise cause environmental hazard due to burning of post-harvest residues in the region.
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Cultivation of saprophytic fungi on selenium-rich substrates can be an effective means to produce sele-
nium-fortified food. Pleurotus florida, an edible species of oyster mushrooms, was grown on wheat straw
from the seleniferous belt of Punjab (India) and its potential to mobilize and accumulate selenium from
the growth substrate was studied. Selenium concentration in biofortified mushrooms was 800 times
higher compared with control samples grown on wheat straw from non selenium-rich areas (141 vs
0.17 pg Se g~ ! dry weight). Seventy-five percent of the selenium was extracted after in vitro simulated

I;:f/e VIV::‘:‘:; gastrointestinal digestion and investigation of the selenium molecular fractions by size exclusion
Speciation HPLC-ICP-MS revealed that proteins and any other high molecular weight selenium-containing molecule
HPLC-ICP-MS were hydrolyzed to peptides and low molecular weight selenocompounds. Analysis of the gastrointesti-

nal hydrolysates by anion exchange HPLC-ICP-MS showed that the bioaccessible selenium was mainly
present as selenomethionine, a good bioavailable source of selenium, which accounted for 73% of the
sum of the detected species.

This study demonstrates the feasibility of producing selenium-biofortified edible mushrooms using
selenium-rich agricultural by-products as growth substrates. The proposed approach can be used to eval-
uate whether selenium-contaminated plant waste materials harvested from high-selenium areas may be
used to produce selenium-biofortified edible mushrooms based on the concentration, bioaccessibility and
speciation of selenium in the mushrooms.

In vitro gastrointestinal digestion
Fortification

Oyster mushrooms

Wheat straw

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Selenium (Se) is an essential micronutrient for humans and
animals, involved in functioning at the catalytic center of several
selenoproteins (Rayman, 2000). It is the only trace element to be
specified in the genetic code as selenocysteine (SeCys), which has
been recognised as the 21st amino acid having its own codon
and SeCys-specific biosynthetic and insertion machinery (Rayman,
2002).

Although Se is nearly ubiquitous in soils, it exists mainly in
insoluble forms in high-iron and organic matter, low pH and
certain leached soils, and hence is often of limited availability to
plants (Fordyce, Zhang, Green, & Liu, 2000; Johnson, Ge, Green, &
Liu, 2000; Spadoni et al., 2007). Consequently, it is often supplied
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by plants to animals and humans at levels too low for optimum
health. Se deficiency and sub-optimality are associated with health
disorders including oxidative stress-related conditions (e.g., cardio-
vascular disease, various inflammatory syndromes), thyroid
dysfunction, reduced fertility and immune functions, increased
susceptibility to viral infection and increased risk of cancers
(Rayman, 2000, 2002). Selenium deficiency probably affects at
least a billion people (Combs, 2001). Increasing population intake
in regions where Se is in short supply in the food chain may result
in improvement in public health and health cost savings.

Several strategies to raise Se intake may be employed, including
education to increase consumption of higher-Se foods, individual
supplementation, food fortification, supplementation of livestock,
Se fertilisation of crops, and plant breeding for enhanced Se accu-
mulation (Combs, 2001; Rayman, 2008). In order to select the best
solution, it must be considered that there are adverse conse-
quences for health of both deficient and excessive intake and that
optimal intake at the individual level depends on a large number of
factors, such as the functions of Se most relevant to a particular
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disease state, the Se species most prominent in the Se source, the
health condition being considered, the adequacy of intake of other
nutrients, the presence of additional stressors, and lastly whether
the ability to make selenoproteins may be compromised (Rayman,
2008).

Mushrooms are interesting food items for the formulation of a
healthy diet because they are poor in calories and in fat but rich
in proteins, minerals and dietary fibre (Manzi, Gambelli, Marconi,
Vivanti, & Pizzoferrato, 1999; Manzi & Pizzoferrato, 2000). Dietary
fibre includes components of fungal cell walls such as chitin, other
hemi-celluloses, mannans and beta glucans, which are supposed to
play a key role in some healthy properties of mushrooms, such as
enhancement of macrophage function and host resistance to many
bacterial, viral, fungal and parasitic infections, activation of a non-
specific immune stimulation, reduction of blood cholesterol and
blood glucose levels (Cheung, 2009). Although not plants, mush-
rooms are generally grouped with vegetables for dietary purposes.
Se content of mushrooms is generally higher than that of most veg-
etables (Rayman, Infante, & Sargent, 2008) but it is very variable.
Apart from the bioavailable concentrations in soil, the amount of
selenium found in wild edible mushrooms is dependent on the
species and the stage of maturity; for cultivated species the sub-
strates used for growth are important (Kalac, 2009). Selenium con-
centration in the fruiting body of popular edible mushrooms covers
over two orders of magnitude and ranges <1-20 ug Se g~' dw, with
the highest values found in the species of the genus Boletus (Falan-
dysz, 2008). Selenium-fortified mushrooms cultivated on sub-
strates supplemented with Se, usually as inorganic salt, have
been proposed as Se-enriched functional foods (Falandysz, 2008).
On the negative side, earlier studies reported Se from mushrooms
to have a low bioavailability in rat (Chansler, Mutanen, Morris, &
Levander, 1986) and man (Mutanen, 1986). On the contrary, recent
work on Se-enriched mushrooms showed a good bioavailability
in vivo (da Silva et al., 2010; Rayman, Angus, & Goenaga-Infante,
2007). Furthermore, Se-enriched Agaricus bisporus has been shown
to be effective for the reduction of 7,12-dimethylbenz(a)anthra-
cene (DMBA)-induced anti-3,4-dihydrodiol-1,2-epoxide-deoxy-
guanosine adducts in rats (Spolar, Schaffer, Beelman, & Milner,
1999). The divergent results may be explained by differences in
chemical speciation, which affect the bioavailability and fate of
Se in the body (Rayman et al., 2008). In fact, the studies carried
out so far suggest that Se speciation changes from a mushroom
species to another and may be influenced from the chemical spe-
cies in the growth substrate as well (Table 1).

In the present study, Se-rich agricultural-residues from fields
located in the seleniferous belt of Punjab (India) (Dhillon & Dhillon,
2009) were used as substrates for the cultivation of an edible spe-
cies of oyster mushrooms (Pleurotus genus). The ability of the se-
lected species to mobilize and accumulate Se from the wheat
straw used as growth substrate was studied. The bioaccessibility
and speciation of Se in the mushrooms were investigated by
in vitro simulated gastrointestinal digestion and HPLC-ICP-MS.

2. Materials and methods
2.1. Instrumentation

Chromatographic separations were performed using an HPLC
system consisting of a Perkin-Elmer Series 200 LC binary pump,
an autosampler, and a column thermostat. The outlet of the HPLC
column was directly connected via PEEK capillary tubing to the
nebulizer of the Elan DRC II ICP-MS (Perkin-Elmer-Sciex, USA),
which served as the Se specific detector both for total and specia-
tion analysis. Instrumental settings are in Table 2. Chromato-
graphic data were collected, stored, and processed using the

Perkin-Elmer software Chromera. For the calibration of the size
exclusion chromatography column, the chromatographic appara-
tus was connected to a Perkin-Elmer diode array detector operat-
ing at 280 nm.

2.2. Reagents and standards

Deionized water obtained by a Milli-Q Element System (Milli-
pore, France) was used throughout the work. Nitric acid 68% v/v
(Carlo Erba Reagenti, Italy) and hydrogen peroxide 31% v/v (Merck
KGaA, Germany) both ultrapure grade were used for oxidative
digestion of samples and gastrointestinal hydrolysates.

Calibrants and the internal standard solution (rhodium) used
for total selenium measurements were obtained from standard
certified solutions with a content of 1 mg mL~! (High Purity Stan-
dard, USA), by dilution with acidified (HNOs) deionized water as
necessary. For speciation analysis, 1 mg mL™! stock solutions, ex-
pressed as selenium, were prepared by dissolving in water ade-
quate amounts of selenious acid [Se(IV)], selenic acid [Se(VI)],
seleno-L.-methionine (Sigma-Aldrich, USA). Standard stock solu-
tions were stored at 4 °C and exact concentrations were ascer-
tained by ICP-MS analysis. The purity of the standards was
checked by HPLC-ICP-MS and no species interconversion was
found.

The chromatographic mobile phases were prepared by dissolv-
ing appropriate amounts of analytical grade triethylamine
(TEA-Sigma-Aldrich, USA), acetic acid 99% (Baker Instra Analyzed,
Avantor Material, The Netherlands), and ammonium acetate
(Merck KgaA, Germany) in water. Mobile phases were filtered
through a Millipore Express Plus 0.22 pm membrane.

Blue dextran (200 kDa), albumin (66 kDa), carbonic anhydrase
(29 kDa), cytochrome c (12.4 kDa), aprotinin (6.5 kDa), vitamin
B12 (1.3 kDa) and SeMet (0.2 kDa) used as molecular weight cali-
brants in size exclusion chromatography were from Sigma (Sig-
ma-Aldrich, USA).

Porcine enzymes (pepsin, pancreatin), a-amylase from Bacillus
subtilis, sodium chloride, and bile salts were supplied by Sigma
(Sigma-Aldrich, USA). Ultrapure grade hydrochloric acid 37% v/v
(Carlo Erba Reagenti, Italy) and sodium hydrogen carbonate
(Sigma-Aldrich, USA) were used to adjust pH during the simulated
gastrointestinal digestion. 2-Merctaptoethanol 99% was from
Sigma (Sigma-Aldrich, USA).

2.3. Procedures

2.3.1. Se biofortification of edible mushrooms

2.3.1.1. Culture collection. A pure culture of Pleurotus florida (Mont.)
was provided from Punjab Agricultural University, Ludhiana
(India). The propagation of the main culture was done on potato
dextrose agar (PDA) medium. PDA plates were inoculated with a
mycelium plug (6 mm in diameter) of an actively growing part of
the colony and incubated at 25 °C in the dark for 7 days.

2.3.1.2. Spawn preparation. Selenium-rich wheat grain from the sel-
eniferous belt of Punjab (India) was used for spawn production.
The grains were washed with water and boiled for 30 min until
they softened. Boiled grains were drained, supplemented with 2%
calcium sulphate and 0.5% calcium carbonate and then mixed man-
ually. Aliquots of 250 g were placed in glucose bottles and steril-
ized in autoclave at 121 °C for 15 min. After cooling, each bottle
was inoculated with two agar disks of 6 mm diameter containing
mycelium, and incubated at 25 °C in full darkness for 2 weeks.

2.3.1.3. Conditions of cultivation. Wheat straw harvested from the
same selenium-rich site as above was used as substrate for
mushroom cultivation. Wheat straw was cut into small pieces
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Table 1
Summary of Se-species distribution in mushrooms.
Mushroom species Origin Extraction Analytical Se-species” Ref.
technique?®
Albatrellus pes-caprae Boletus Wild grown Chemical; HPLC-NAA and Se(IV); SeMet; SeCys,; unknown Slejkovec et al. (2000)
edulis enzymatic AFS compounds
Agaricus bisporus Enriched Chemical; HPLC-AFS Se(IV); SeCys; Stefanka et al. (2001)
enzymatic
Agaricus bisporus Enriched Enzymatic HPLC-HG-AFS SeCys,; Se(IV); SeMet Dernovics, Stefanka, and Fodor (2002)
Boletus edulis Wild grown Chemical HPLC-ICP-MS LMW (<1.35-20 kDa); HMW Wauilloud, Kannamkumarath, and
(~50 kDa) Caruso (2004)
Boletus edulis Wild grown  Chemical; HPLC-ICP-MS SeCys,; SeMet; MeSeCys; unknown Wilburn, Vonderheide, Soman, and
enzymatic compounds Caruso (2004)
Lentinula edodes Enriched Chemical; HPLC-ICP-MS SeMet Ogra, Ishiwata, Encinar, Lobinski, and
enzymatic HPLC-ESI-MS Suzuki (2004)
Ganoderma lucidum Enriched Chemical HPLC-AFS SeMet Zhao et al. (2004)
Macrolepiota procera; Lepista Wild grown Chemical HPLC-ICP-MS SeMet; unknown compounds Diaz Huerta, Fernandez Sanchez, and
luscina; Boletus luridus Sanz-Medel (2005)
Agaricus spp. Enriched; Chemical; HPLC-ICP-MS SeMet; unknown compounds Diaz Huerta, Fernandez Sanchez, and
cultivated enzymatic Sanz-Medel (2006)
Lentinula edodes Enriched Chemical; HPLC-ICP-MS SeMet; Se(IV); unknown Yoshida et al. (2005)
enzymatic compounds
Agaricus bisporus; Lentinula edodes ~ Enriched Chemical; HPLC-ICP-MS Se(IV); SeCys,; MeSeCys; SeMet; Gergely, Kubachka, Mounicou, Fodor,
enzymatic unkown compounds and Caruso (2006)

2 NAA neutron activation analysis; AFS atomic fluorescence spectrometry; HG hydride generation; ICP-MS inductively coupled plasma mass spectrometry; HPLC high
performance liquid chromatoghraphy; ESI-MS electrospray ionisation mass spectrometry.
b Identified species, listed in decreasing order of concentration. LMW low molecular weight; HMW high molecular weight.

and dipped in 1.5% formaldehyde until reaching a humidity of
70-75% (~24 h). After disinfection and softening, the straw was al-
lowed to air dry before inoculation with P. florida spawn. Following
inoculation, the straw was filled in plastic bags (3.0-4.0 kg each)
and incubated at 25 °C for about 14 days. Humidity was maintained
by spraying water twice a day. After 14 days of mycelial growth, the
bags were torn and the bound matrix (straw and mycelium) was
hung again under similar conditions for the appearance and growth
of the fruiting bodies of mushrooms. On maturity (about 30 days
after spawning), fruiting bodies were collected, weighed and dried
at 40 °C in an oven for near complete dehydration (8-9% residual
humidity). An identical procedure was followed for the cultivation
of control mushrooms, with ‘normal’ (i.e., not Se naturally-en-
riched) wheat straw as the growth substrate.

2.3.2. In vitro simulated gastrointestinal digestion

The in vitro enzymolysis procedure simulating human gastroin-
testinal digestion was carried out in triplicate. In parallel, proce-
dural blanks were run to check the presence of Se in the
reagents. Mushroom samples (0.5 g) were incubated with 5 mL of
gastric juice (1% w/v pepsin in 0.15 M NaCl, adjusted to pH = 2 with
HCI 37% v/v) and, after 1 min of vigorous shaking for initial degas-
sing, were placed in a mixing water bath (GFL 1083, Gesellschaft
fiir Labortechnik mbH, Burgwedel, Germany) at 37°C for 4h
(Crews et al., 1996). Then, samples were adjusted to pH 6.8 with
NaHCO; 2 M. After adding 5 mL of intestinal juice (3% w/v pancre-
atin, 1.5% w/v amylase, 1% w/v bile salts in 0.15 M NaCl), samples
were vigorously shaken for 1 min, degassed and further incubated
for 4 h at 37 °C under gentle shaking. Samples were then centri-
fuged at 8000g and 4 °C for 15 min, the supernatant collected, fil-
tered through 0.45 um membranes, divided into aliquots and
stored at —80 °C until analysis.

2.3.3. Se analysis

2.3.3.1. Total Se analysis. Total selenium was measured in the culti-
vation substrates (i.e., wheat grain and straw) and in mushrooms.
Microwave digestion was performed by means of a Milestone Ethos
Pro labstation (FKV, Italy) with quartz closed vessels, equipped with
an infrared temperature control system. Approximately 0.3 g of
sample were submitted in triplicate to 1 h pre-mineralization with

3mL HNO; and then added with 1.5 mL of H,0,. Microwave
irradiation was performed with temperature control and automatic
continuous adjustment of power output, and the programme was
as follows: 37 min ramp to 180 °C; 15 min at 180 °C.

Total Se liberated by gastrointestinal digestion was also
determined by ICP-MS. Aliquots of extracts (2 mL) were added
with 0.5 mL HNOs; and 0.5 mL H,0,, and submitted to the same
digestion procedure as above.

Total Se measurements were carried out in the Dynamic
Reaction Cell mode using Rh as internal standard, the method of
standard additions for quantification and the operating conditions
listed in Table 2. The certified reference material NIST Durum
Wheat Flour 8436 was included in each analytical batch for quality
control. The accuracy of total Se determinations as assessed
through NIST 8436 analysis was satisfactory; the certified value
was 1.1+0.2 ug Se g~ dw and a trueness of 91% and precision of
3% were obtained.

2.3.3.2. Se speciation analysis. Se species liberated by simulated gas-
trointestinal digestion were characterised by size exclusion HPLC-
ICP-MS and anion exchange HPLC-ICP-MS. Se species in extracts
were identified by retention time matching with the standard sub-
stances spiked to the sample extracts. Quantitative calculations
were based on peak areas. Measurements were carried out in stan-
dard mode with the operating conditions listed in Table 2.

3. Results and discussion
3.1. Se accumulation in mushrooms

Mushrooms cultivated on naturally Se-enriched substrates did
not differ from controls in terms of yield (expressed as fresh mush-
room weight per bag), biological efficiency (ratio of fresh mush-
room weight to substrate dry weight expressed as a percentage),
and production length (number of days elapsed from inoculation
to harvest).

Selenium concentrations in the boiled wheat grain used for
spawn production, in wheat straw used as growth substrate and
in the mushrooms are shown in Table 3. Se levels in unenriched
substrates are moderately low (Oldfield, 1999; Spadoni et al.,
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Table 2
Instrumental operating conditions.

ICP-MS settings

RF power 1.4 kW

Nebulizer gas flow 1.04 L min'
rate, Ar

Lens voltage 9.0V

DRC gas flow rate, 0.7 mLmin~!
CH.

Rejection 0.45
parameter q
(RPq)

80Se (total Se/DRC mode), 7’Se, 32Se (Se speciation/
standard mode)

Analytical masses

Chromatographic conditions
Size exclusion chromatography

Column Superdex 75 10/300 GL (GE Healthcare)
Mobile phase Ammonium acetate 100 mM, pH 7.5
Flow rate 0.5 mL min~!

Injection volume 75 pL
Isocratic elution 0-60 min
Temperature 23°C

Anion exchange chromatography

Column Hamilton PRP-X100 (250 mm x 4.1 mm, 5 pm)
equipped with guard column

(A) Acetic acid 20 mM, triethylamine 10 mM; (B) acetic
acid 200 mM, triethylamine 100 mM

1 mL min~!

100 pL

0-5 min: 100% A; 5-30 min: 0-100% B; 30-40 min:
100% B; 40-41 min: 0-100% A; 41-45 min: 100% A
Temperature 23°C

Mobile phase

Flow rate
Injection volume
Gradient elution

2007) and the resulting concentrations in the mushroom fruiting
bodies are in the typical range of wild and cultivated Pleurotus
species, i.e., 0.12-3.4 ug Se g~! dw (Costa-Silva, Marques, Matos,
Barros, & Nunes, 2011; da Silva et al., 2012; Diaz-Alarcon, Navarro-
Alarcon, Lopez-Garcia de la Serrana, & Lopez-Martinez, 1994;
EuroFIR, 2012; Mattila et al., 2001; Vetter et al., 2005). This is very
similar to the Se concentration range of the widely cultivated A.
bisporus, i.e., 0.2-3.6 ug Se g~! dw (Falandysz, 2008; Kalac, 2010)
and much lower than that of Boletus edulis, which is abundant in
Se and can contain up to 70 pg Se g~ ! dw (Falandysz, 2008).

Selenium concentrations in the substrates used to cultivate Se-
enriched mushrooms are in the range of values we found for the
same matrices from the identical area (Cubadda et al., 2010). P.
florida grown on these substrates readily mobilized and accumu-
lated the Se contained therein and the fruiting bodies exhibited
Se concentrations ~800 times higher than control samples, i.e.,
141 vs 0.17 ug Se g~ dw (Table 3). The ability of other Pleurotus
species to absorb Se inorganic salts from the growth substrate
and accumulate Se in uncharacterized form in the mycelium or
in the fruiting bodies has been already reported (da Silva et al.,
2012; Estrada, Lee, Beelman, Jimenez-Gasco, & Royse, 2009; Wang
et al., 2005). In this study, it is shown that P. florida is able to mobi-
lize Se from an organic substrate and concentrate it in the fruiting
body at levels almost identical to those found in A. bisporus grown
on compost supplemented with selenite (Stefanka, Ipolyi, Dernov-
ics, & Fodor, 2001).

Expressed on a fresh weight basis, the Se concentration ob-
tained in this study in Se-biofortified P. florida is 11.3 pgSe g

Table 3

Total Se concentrations expressed as pg Se g~! dw (n = 3).
Sample type Boiled wheat grain Wheat straw Mushrooms
Control 0.025 +0.001 0.026 + 0.001 0.17 £0.01
Se-enriched 93.2+0.8 27.9+0.1 1412

Assuming negligible losses due to cooking, consumption of 5-7 g
of mushrooms is sufficient to meet the recommended dietary
allowance/reference nutrient intake (RDA/RNI) for adults, which
is set to 55-75 g Se/d depending on the country (CMAFP, 1991;
EURRECA, 2012; FNB, 2000; SINU, 1996).

It has to be highlighted that the purpose of the present study
was to explore the feasibility of producing Se-biofortified edible
mushrooms using Se-rich agricultural-residues as growth sub-
strates at the laboratory scale and to characterise the bioaccessibil-
ity and speciation of the Se in mushrooms. Depending on the
intended use (e.g., as functional food, as ingredient in the formula-
tion of nutraceuticals, as Se dietary supplement) the production
process can be adapted in order to achieve optimal Se concentra-
tion in the mushrooms by adjusting the Se levels in the substrates,
which can be done, e.g., by mixing wheat straw from Se-rich areas
and areas with background concentrations of the element.

3.2. Se bioaccessibility in mushrooms

The soluble extract obtained after in vitro simulated gastroin-
testinal digestion of the selenized mushroom contained about
106 pg Se g~' dw (Table 4). This means that 75% of the Se taken
up by the mushroom was solubilised in conditions simulating hu-
man gastrointestinal digestion and thus was potentially bioavail-
able (Hur, Lim, Decker, & McClements, 2011).

For a first fractionation of Se-containing species in the gastroin-
testinal extract according to their molecular weight size exclusion
HPLC-ICP-MS was used. Investigation of the Se molecular fractions
by size exclusion HPLC-ICP-MS revealed that proteins and any
other high molecular weight selenium-containing molecule were
hydrolyzed to peptides and low molecular weight selenocom-
pounds (<5 kDa based on column calibration, Fig. 1). A peak coel-
uting with a SeMet standard (retention time 36.5 min) was already
visible in the size exclusion chromatogram, whereas the other ma-
jor peak (retention time 34.6 min) likely corresponds to SeMet-sel-
enoxide (SeOMet) and Se-peptides unspecifically produced by the
gastrointestinal juice.

The Se not solubilized after gastrointestinal digestion might be
present in form of undigestible Se-containing polysaccharides. For
instance, it has been shown that part of the Se in Se-enriched
mycelia of P. ostreatus is associated with chitin-containing struc-
tures in cell walls (Munoz et al., 2006). Formation of Se-containing
polysaccharides might explain the low Se bioavailability found
elsewhere for other species (Chansler et al, 1986; Mutanen,
1986). Limited bioavailability for these species might be the result
of a low bioaccessibility due to a larger incorporation of Se in
mushroom polysaccharides compared to P. florida in the conditions
of the present study.

3.3. Speciation of bioaccessible Se in mushrooms

For the characterization of Se species liberated after in vitro
enzymolysis anion exchange HPLC-ICP-MS was chosen. Fig. 2
shows that Se speciation in the gastrointestinal extract was domi-
nated by SeMet, which represented 73% of the sum of the detected
species. The addition of 0.5% v/v 2-mercaptoethanol to the extracts
allowed to assess that a small percentage of SeMet (2%) was pres-
ent as SeOMet (the SeMet peak increased after treatment with the
reducing agent) and that some other oxidised Se-species were
present. On the other hand, only 2% of the detected species was
present as inorganic Se in the form of Se(IV). A number of other
low molecular weigh selenocompounds generated during the gas-
trointestinal digestion, accounting for 25% of the chromatographed
Se, remained unidentified. Overall, post column recovery (calcu-
lated as chromatographed Se vs total Se in gastrointestinal extracts
measured by ICP-DRC-MS) was 89%.
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Table 4
Concentration of Se species in mushroom gastrointestinal hydrolysates determined
by anion exchange HPLC-ICP-MS (ug Se g~! dw, n=3).

Sample SeMet Se(IV) >other Overall sum Total Se®
species® of species”
Gl extract 69.2+56 1.84+023 23.6%x1.7 946+59 105.8+1.6
2 Sum of Se species other than SeMet and Se(IV).
> Sum of SeMet, Se(IV) and Y other species.
¢ As measured by ICP-DRC-MS.
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Fig. 1. Selenium molecular fractions in a mushroom gastrointestinal hydrolysate:
size exclusion HPLC-ICP-MS chromatogram (see Table 2 for operating conditions).
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Fig. 2. Selenium species in a mushroom gastrointestinal hydrolysate: anion
exchange HPLC-ICP-MS chromatogram (see Table 2 for operating conditions).
Overlay of the chromatograms of the sample and the sample spiked with 250 and
50 pg Se L~ of SeMet (RT ~6.5 min) and Se(IV) (RT ~17 min), respectively.

The fact that bioaccessible Se in Se-biofortified P. florida is in the
form of organoselenium compounds, with SeMet as the major spe-
cies, indicates that this species has a higher nutritional value as Se
source compared to other selenized mushrooms accumulating pri-
marily inorganic Se (Table 1). Organic forms of Se, and especially
SeMet, are more bioavailable than inorganic Se and there is good
evidence that increased Se status attained after supplementation
with organic forms of Se is retained for a longer period after sup-
plementation has ceased than is the case with Se(IV) or Se(VI)
(Rayman et al., 2008).

The predominance of SeMet and organic Se in Se-biofortified P.
florida is likely the result of the biosynthetic pathways involved in
Se assimilation in this species. Our earlier study demonstrated that
the Se-rich wheat grain used for spawn production in this work
mainly contains SeMet and other organoselenium compounds

(Cubadda et al., 2010) but this may not be the case of the wheat
straw used as the growth substrate. Biotransformation of inorganic
selenium into organoselenium compounds might be a feature of
the Pleurotus genus, but since this is the first study to investigate
Se speciation in Se-enriched oyster mushrooms further studies
are needed to establish whether this is the case.

4. Conclusions

The evaluation of Se-enriched mushrooms as a possible dietary
source of the element requires an understanding of the bioaccessi-
bility and speciation of the Se accumulated from growth sub-
strates. This study investigated in vitro Se bioaccessibility in P.
florida, an edible species of oyster mushrooms, which accumulated
substantial Se amounts when cultivated on naturally Se-enriched
by-products from wheat production. Seventy-five percent of the
Se in the mushroom fruiting body was extracted after in vitro sim-
ulated gastrointestinal digestion and size exclusion HPLC-ICP-MS
revealed that all the Se was present in the form of low molecular
weight selenocompounds. Anion exchange HPLC-ICP-MS showed
that the bioaccessible Se was mainly present as SeMet, which ac-
counted for 73% of the sum of the detected species and not less
than 65% of the bioaccessible Se. Therefore, Se-biofortified P. florida
appears to be a good bioavailable source of Se.

This study also illustrates the feasibility of producing Se-
biofortified edible mushrooms employing Se-rich agricultural resi-
dues as substrates. The approach presented in this work can be used
to evaluate whether Se-contaminated plant wastes may be used to
produce Se-biofortified edible mushrooms based on the concentra-
tion, bioaccessibility and speciation of Se in the mushrooms.
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Summary In an effort to produce selenium (Se)-fortifying edible mushrooms, five species
of oyster mushroom (Pleurotus sp.), were cultivated on Se-rich wheat straw collected from
a seleniferous belt of Punjab, India. Total selenium was analyzed in the selenium hyperac-
cumulated wheat straw and the fruiting bodies. Significantly high levels (p<<0.0001) of Se
uptake were observed in fruiting bodies of all mushrooms grown on Se-rich wheat straw. To
the best of our knowledge, accumulation and quantification of selenium in mushrooms has
hitherto not been reported with substrates naturally enriched with selenium. The results
demonstrate the potential of selenium-rich agricultural residues as substrates for produc-
tion of Se-enriched mushrooms and the ability of different species of oyster mushrooms to
absorb and fortify selenium. The study envisages potential use of selenium-rich agricultural
residues towards cultivation of Se-enriched mushrooms for application in selenium supple-

mentation or neutraceutical preparations.
Key Words

Historically, the image of selenium (Se) has changed
dramatically over the last century. Initially, selenium
was widely considered to be a toxic agent in mammals.
It was first recognized to be an essential trace element
in 1957 and has been shown to be active in glutathi-
one peroxidase (GSH-Px) in red blood cells. Since its
discovery about half a century ago, selenium has been
a subject of intensive research. Selenium, an essential
micronutrient with antioxidant properties, has received
considerable attention for potential roles in cancer pre-
vention for both human beings and animals (1). One of
the first and best known examples of the physiological
importance of Se is the family of selenium-dependent
glutathione peroxidases, that protect membrane lipids
and phospholipids from oxidative stress by catalyzing
reduction of hydrogen peroxide, lipid and phospholipid
hydroperoxide (2). The element also (a) seems active at
supra-nutritional levels of dietary intake, mostly in the
field of cancer prevention (3-6); (b) may possess phar-
macological implications as an adjuvant treatment of
some cancers (7); and (c) facilitates enhancement of
intrinsic defenses against ROS (8). In humans, it is well
recognized that selenium plays a crucial role in various
physiological processes and its altered level has a direct
impact on health leading to various disorders. The
World Health Organization report advises a Se intake
of 40 pug/d as the average intake level needed to ensure
meeting normative requirements of healthy adults.

With increasing demand for nutritional food across
the world, enrichment of staple diets with essential
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micronutrients such as Se has been gaining importance.
Selenium deficiency is linked with various conditions
such as increased cancer and infection risk, male infer-
tility, decrease in immune and thyroid function, and sev-
eral neurologic conditions, including Alzheimer’s and
Parkinson’s disease (5) and increase in urinary ketone
bodies in starved rats (9). The majority of the popula-
tion across Scandinavia and other European countries is
at risk of Se deficiency, because of which various supple-
mentation strategies are being attempted, including nat-
urally fortified dietary intake. Selenium deficiency can
be significantly tackled by its supplementation through
dietary sources (10). Different food sources of plant
and animal origin are known to be potential dietary
sources of selenium. The main dietary constituents pro-
viding selenium in the diet are bread, meat, fish, eggs,
and milk/dairy products (11). Among the crop plants,
wheat, maize, pulses and certain vegetables crops such
as Allium sativum, broccoli, garlic and mushrooms are
known to be good sources of selenium.

Mushrooms are interesting food items for the for-
mulation of a healthy diet as they are devoid of high
calories and fat but are rich in proteins, minerals and
dietary fibre (12, 13). They have been extensively stud-
ied for their nutritional and medicinal properties. Mush-
rooms have known antioxidant properties provided by
different compounds such as phenolics, ergothioneine
and selenium (Se) (14-17). Natural mushrooms such
as Boletus edulis for example, may have concentrations
of up to 17 mg Se/kg dw, while wild Agaricus sp. may
contain 2.7 mg Se/kg dw and P. cornucopiae and Grifola
frondosa may have less than 0.5 mg Se/kg dw (16, 18).
Selenium content in mushrooms is observably species
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specific (19). The main bioavailable species of selenium
in Agaricus bisporus (20) and Lentinula edodes (21) culti-
vated on selenium-supplemented substrates was found
to be selenomethioneine under conditions where exog-
enous supplementation of selenium was carried out
using inorganic Se species, reports indicate an increase
in the Se content in mycelia as well as fruiting bodies
of mushrooms (15, 16, 22). Werner and Beelman (15)
also demonstrated that Se accumulated in Agaricus
bisporus when the substrate was supplemented with
aqueous solutions of selenite at different concentrations
and that the Se uptake by A. bisporus was linearly related
to concentration in the compost.

In the present study, five different species of genus
Pleurotus (Oyster mushroom) comprising commercially
important edible as well as medicinal important spe-
cies were considered. These species were cultivated on
Se-rich wheat straw collected post-harvest from a sel-
eniferous region of Punjab, India. Pleurotus mushrooms
have high nutritional value and can be a good source
of protein, carbohydrates, vitamins, calcium and iron
(23). Reported health-related properties of these gen-
era include reduction of cholesterol levels, antitumor,
antiviral, antibacterial and immunomodulating activity
(24).

The present study demonstrates the use selenium rich
agricultural residues to cultivate different species of oys-
ter mushrooms (Pleurotus sp.) and suggests the use of
these residues as a prospective raw material for generat-
ing Se-fortified mushrooms.

Materials and Methods

Analytical grades of 2,3-diaminonaphthalene (DAN,
Hi-Media) and cyclohexane (SD-Fine, India) were used
in the study. Nitric (HNO3), hydrochloric (HCl) and per-
chloric (HClIO4) acids were procured from Merck, India.

The strains of Pleurotus djamor, P. sajorcaju, P. ostrea-
tus, P, citrinopileatus and P, fossulatus were obtained from
NRCM, Solan (Himachal Pradesh, India). All strains
were cultured on potato dextrose agar (PDA) medium
and stored at 4°C for further use. The selenium-rich
agricultural residues of wheat harvested from a selenif-
erous belt (32°46" N, 74°32’ E) of Punjab, India, were
used as substrates for mushroom cultivation. The test
mushrooms were cultivated on agricultural residues col-
lected from the test site, following the method outlined
by Punjab Agricultural University (25) with minor mod-
ifications. Spawn was prepared on wheat grains and was
used for seeding of Se-rich substrate. The wheat straw
was treated with formalin for the purpose of disinfec-
tion. The straw was soaked overnight in water contain-
ing formalin (1.5%). The disinfected straw was allowed
to air dry before the inoculation of the substrate with
the fungal spawn. After inoculation, the substrate was
layered in polypropylene bags and kept in a cultivation
chamber set at 25+4°C. The moisture was maintained
by spraying water over the culture bags twice a day.
A similar procedure was followed to cultivate control
mushrooms, with non-Se wheat straw as the substrate.
On maturity (about 30 d after spawning), fruiting bod-

ies were collected, by cutting the base of the stipe with
sterile surgical blade, weighed and dried at 40°C in an
oven for near complete dehydration. The dry samples
were macerated using an agate mortar and pestle.

Selenium content in powdered samples was anal-
ysed using a fluorescence spectrometric method (26).
In brief, a 100 mg portion of the sample was weighed
accurately in an acid-washed kjeldahl flask contain-
ing 5 mL concentrated nitric acid. After incubation for
30 min at room temperature, 2 mL of perchloric acid
(72%) was added and the sample was digested. The mix-
ture was then allowed to cool to room temperature. To
facilitate the reduction of selenate (SeO42~) to selenite
(Se03%7), 2 mL of 1.0 N HCI was added and the flask was
placed in the water bath (100°C) for 15 min. The final
volume of the digest was adjusted to 25 mL with 0.1 N
HCL. To 1.0 mL of the diluted digest, 200 uL of 1:1
formic acid and 200 uL of stabilizing solution [0.04 M
Na,EDTA containing 10% hydroxylamine hydrochlo-
ride (NH>OH-HCI)] were added. The final pH of the
digest was adjusted to 1.8 with NH4OH and placed in
a water bath at 50°C for 10 min. 0.5 mL DAN (0.1% in
0.1 M HCI) was added to the reaction mixture, shaken
thoroughly (20 s) and kept in the water bath at 50°C
for 30 min. After cooling to room temperature, 2 mL
of cyclohexane were added, and the contents were vig-
orously mixed, and allowed to separate. The separated
cyclohexane layer was washed with 5 mL 0.1 N HCL
The emission spectrum of piazselenol complex formed
during the reaction was measured using a fluorescence
spectrometer (Perkin Elmer LS-45) at excitation and
emission wavelengths of 320 and 520 nm respectively.
Se quantification in each sample was carried out by the
relative method using emission spectrum of NIST certi-
fied Selenium ICP standard solution (SRM-1349).

Results and Discussion

The study presents the observations on uptake and
accumulation of Se among different species of Pleurotus
cultivated using wheat straw naturally enriched with
Se as the substrate. Different species of Pleurotus genus
were examined for their potential to take up and accu-
mulate Se. Selenium concentration in wheat straw used
as growth substrate and in fruiting bodies of different
mushrooms is shown in Table 1. Mushrooms cultivated
on naturally Se-enriched substrates did not differ from
controls in terms of yield (expressed as fresh mushroom
weight per bag) or production length (number of days
elapsed from inoculation to harvest).

The selenium concentration in unenriched substrate
was found to be higher (1.9£0.8 ug Se/gdw) than in the
earlier reports which lay in the range of 0.09-0.19 ug
Se/g dw in different substrates (27, 28) and the result-
ing concentrations in fruiting bodies were in the range
of 2.9-5.2 ug Se/g dw, which is almost comparable to
the range (0.12-3.4 ug Se/g dw) of selenium conentar-
tion in wild and edible species of Pleurotus (29—31). The
fruiting bodies (first flush) of all species of Pleurotus har-
vested from Se-rich wheat straw containing a total Se
concentration of 24.0£0.2 ug Se/g dw, were noted to
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Table 1. Total selenium levels in substrate and different species of Selenium-enriched/control mushrooms.
Total selenium (ug/g dw)
Sample Mushroom
Straw
P, djamor P, ostreatus P, sajorcaju P, fossulatus P, citrinopileatus
Se 24.0+0.2 145.4+2.9 44.3+2.3 43.5+2.1 37.2%0.6 26.1+2.8
Control (Non-Se) 1.9+0.8 5.0+0.5 3.4+0.1 5.2*1.0 3.5+0.5 2.9+0.14

Values are presented as mean=+SD (n=3).

accumulate significantly higher (p<<0.0001) selenium
as compared to control mushrooms grown on control
wheat straw (1.9+0.8 ug Se/g dw).

Among the five strains of Pleurotus, P. djamor was
found to accumulate significantly high levels of Se
(expressed as ug Se/g dw) as compared to control samples
i.e. 145.4+2.9 vs 5.0+0.46, followed by P. ostreatus, P,
sajorcaju, P, fossulatus and P. citrinopileatus (Table 1). The
extent of accumulation was higher than the selenium
concentration reported in the case of Pleurotus eryngii
(4.6 and 9.3 ug Se/g dw) cultivated on substrates sup-
plemented with 5.0 and 10.0 ug Se/g dw of sodium sel-
enite respectively (32), Similar results have recently been
reported by da Silva et al. (27), where selenium accu-
mulation in P, ostreatus was found to be higher (57.6 ug
Se/g dw) than our observations (44.3 ug Se/g dw) with
the same species when cultivated on Se-enriched coffee
husks supplemented with 3.2 mg/kg of sodium selenite.
Total selenium content in enriched L. edodes and Gano-
derma lucidium was found to be 46 ug Se/g and 72 ug
Se/g respectively (33, 34), which lies within the range
observed in the present study. The observations clearly
demonstrated that the tolerance and uptake of selenium
by various species of mushrooms are dependent upon
the variety of mushroom species as well as the form of
selenium supplementation.

Although investigations have been carried on Se
uptake and activity of Se-enriched mushrooms, by other
researchers, on substrates supplemented with inorganic
selenium compounds (30, 35) such as selenite, to the
best of our knowledge, there is no information on Se lev-
els in mushroom grown on substrates naturally enriched
with selenium. As absorption of Se in the body depends
on its bioavailability and speciation, with the organic
species being effectively bioavailable (4), it is important
to examine the extent of uptake of Se from substrates
that have significantly high levels of organo-selenium
complexes (36). Substrates, such as wheat straw, natu-
rally enriched with selenium have organo-selenium spe-
cies that are envisaged to have potential physiological
and pharmacological benefits (36). Further, preliminary
findings on mushrooms cultivated on substrates natu-
rally enriched with Se were the significantly high levels
of SeMet when compared to controls (data not shown).
In this context, it is important to note that Se-rich
mushrooms have been effective in retarding chemically
induced tumors when fed to mice (37, 38). Keeping this

in view, mushrooms fortified/enriched in Se from natu-
ral sources might possess significant levels of bioacces-
sible forms of selenium, thus facilitating enhanced bio-
availability and bioaccessibility of selenium required at
therapeutic or neutraceutical levels, through diet.

The present study, thus, proposes the use of Se-rich
agricultural residues as substrates for mushroom culti-
vation for human and livestock supplementation.
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The present study was carried out to examine the antioxidant activity in oyster mushroom cultivated on selenium
(Se) rich substrate. Pleurotus fossulatus was cultivated on Se-rich wheat straw collected from the seleniferous belt
of Punjab (India) and its potential to accumulate Se from substrate was examined. Using different assay systems the
modulations in the anti-oxidant profile of Se enriched mushroom was studied in comparison to the mushrooms
cultivated on normal straw. The oyster mushrooms were observed to potentially mobilize Se from Se-rich substrates
to fruiting bodies, resulting in significantly high uptake (37.2+0.6 pug g™') as compared to control (3.57+0.53 pg g™).
The antioxidant activity, as determined by various assays, such as reducing power, 2,2-diphenyl-1-picrylhydrazyl
free radical scavenging, and metal chelating activity, was higher in the experimental mushrooms when compared to
control. The results obtained demonstrate that Se-fortified mushrooms through cultivation on straw containing
organic forms of Se can be considered as natural and effective dietary supplements of organic Se for humans. The
present study proposes the use of Se-rich agricultural residues as substrates for mushroom cultivation for human and
livestock supplementation.
Keywords: antioxidants, selenium, Pleurotus sp., fortification

Selenium (Se) is established as an essential trace mineral of fundamental importance to
human health (Papp et al., 2007). Many of its physiologic roles are directly attributed to its
presence within selenoproteins, such as cellular GPx (GPx1) and phospholipid hydroperoxide
GPx (PHGPx; GPx4), iodothyronine 5’-deiodinases (IDI), and selenoprotein W (Burk &
LEVANDER, 1999). However, in several regions of the world the content of Se in diet has been
estimated insufficient to facilitate the optimal activity of protective selenoenzymes.

Edible flora that accumulate elements, such as Se, may be used as a natural source of
mineral supplement for both animals and human beings, especially in areas that are mineral
deficient, through the process of biofortification. In this context, due to their high volume of
production, seasonal independence, their safety, and wide acceptance by consumers all over
the globe, edible mushrooms have potential to facilitate the bioavailability of such supplements
(DE Assuncao et al., 2012). Mushrooms have known antioxidant properties provided by
different compounds, such as phenolics, ergothioneine, and Se (BEELmaN & Roysg, 2006).
The content of Se in mushrooms is species specific (STuve, 1977).

Mushrooms belonging to genus Pleurotus have important medicinal properties, such as
anti-tumour and immunostimulatory activity. The products derived from the fruiting bodies
of this genus can promote biological responses favouring cancer treatment in humans and
have been used as antitumourigenic drugs (SArRaNGI et al., 2006). These edible mushrooms
are known to be Se accumulators. However, the amount of Se is dependent on the species, the
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stage of maturity, the amount in soil, and the substrates used for the growth of cultivated
species (Karac, 2009). Mushroom species grow and yield on a spectrum of agricultural
residues and by-products, such as paddy, wheat, sugarcane bagasse, water hyacinth, rubber
wood dust, and tree leaves (KHANNA, 2003). The agri-wastes generated in seleniferous region
of Punjab contain significant levels of Se accumulated in plant parts, as reported in leaves and
straw of wheat, rice, and cereals (DHiLLON & DHiLLON, 2003), and therefore have potential use
as substrates for cultivation of Se enriched mushrooms, leading to their appropriate utilization.
Extensive research has been carried out on Se uptake by edible mushrooms cultivated on
substrates supplemented exogenously with inorganic Se, but to the best of our knowledge no
study has been carried out on mushrooms cultivated on substrates hyper-accumulated with Se
through natural processes. Keeping this in view, the present study was aimed at exploring the
cultivation of Pleurotus fossulatus on Se-rich wheat straw and determining its antioxidant
profile as induced by Se enrichment.

1. Materials and methods

Standards tert-butylhydroquinone (TBHQ) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
purchased from Sigma (St. Louis, USA). 2-tert-Butyl-4-methoxyphenol (BHA), gallic acid
(GA), quercetin and 2,3-diaminonaphthalene (DAN) were purchased from Hi-Media (India).
Methanol and cyclohexane were obtained from SDFine (Mumbai, India). Nitric (HNO,),
hydrochloric (HCI), and perchloric (HCIO,) acids were procured from Merck (Bengaluru,
India). The rest of the reagents were obtained from Loba Chemie, Mumbeai, India.

The strain of P. fossulatus was procured from National Research Centre of Mushroom
(NRCM), Solan (India). This fungus was cultured on potato dextrose agar (PDA) medium
and was stored at 4 °C until use. The Se-rich agricultural residues of wheat crop collected
from the village of Jainpur (31°13° N, 76°21° E, Nawanshahr-Hoshiarpur region, Punjab,
India) were used as substrates for mushroom cultivation. The mushrooms were cultivated on
agricultural residues collected from this site, following the method outlined by Punjab
Agricultural University, India (Knanna, 2003) with minor modifications. Similar conditions
were followed to grow control mushrooms, with non-Se wheat straw as the substrate. At
maturation (22-25 days after inoculation) fruiting bodies were collected and dried at 40 °C
for near complete dehydration.

The Se content of powdered samples (from first flush) was analysed using florescence
spectrometry (LEVESQUE & VENDETTE, 1971). The emission spectrum of piazselenol complex
formed during the reaction was measured using fluorescence spectrometer (Perkin Elmer LS-
45) at excitation and emission wavelength of 360 and 520 nm, respectively. Se quantification
in each sample was carried out by the relative method using emission spectrum of NIST
certified Se-ICP standard solution (SRM-1349).

Prior to use, the fruiting bodies were milled until a fine powder was obtained. The total
protein content in the mushroom was determined by the method of Lowry and co-workers
(1951). One gram of the samples in case of estimations of total phenols and total antioxidants
and 100 mg in case of other assays were subjected to stirring with 10 ml of 20% and 90%
methanol for 2 h, respectively, using ultrasonicator bath, and filtered through Whatman 1
paper. The resultant methanolic extracts (ME) were stored at 4 °C until use. Total phenolic
content of both extracts (20% ME and 90% ME) was analysed using the Folin—Ciocalteu
reagent according to the method of SINGLETON and Rossi (1965) using gallic acid as standard.
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Thiobarbituric acid reactive substances (TBARS) were assayed fluorometrically (Perkin-
Elmer LS45) according to the method of MiNoTTI and Aust (1987). Calibration curves were
made using malondialdehyde (MDA, Sigma, St. Louis, USA) in the range of 0.5-5.0 uM.
The total antioxidant activity of the methanolic extract (20 and 90% methanol) of P. fossulatus
was measured using UV-visible spectrometer (Hitachi U-2900) according to the method
(phospho-molybdenum assay) outlined by IMrAN and co-workers (2011), wherein gallic acid
(GA) (0.01-0.1 mg ml ") was used as standard.

The scavenging activity of 20% ME and 90% ME from mushroom on DPPH radicals
was measured spectrophotometrically following the method of Cuu and co-workers (2000)
using quercetin (0.05-0.50 mg ml ') as standard. The scavenging activity (%SA) of DPPH
radicals was calculated using the equation

control ~ “sample

%SA=

x100.

control

The chelating activity of the various concentrations of extracts (20% ME and 90% ME)
for ferrous ions was measured spectrophotometrically following the ferrozine method (Dinis
et al. 1994). The metal chelating activity of the mushroom extracts was calculated as:

A

ncgativc_ sample

% chelating activity = %100,

negative

where A is absorbance. EDTA was used as positive control, while absence of the mushroom
extract was the negative control.

All estimations were carried out in triplicates except for total protein content, which was
done in duplicates. The comparison between Se and non-Se samples was drawn with Student’s
t test using Graphpad Prism Ver.5.0.

2. Results and discussion

2.1. Protein content in fruiting bodies

Total protein content in methanolic extracts of Se enriched mushrooms (307£4.5 mg g' d.w.)
was found to be significantly higher (P<0.01) than of control mushrooms (282+2.4 mg g
d.w.) (Table 1). The total protein contents (205-246 mg g' d.w.) of different species of
Pleurotus grown on non-enriched substrates (ALam et al., 2008) and Se enriched Lentinus
edodes (213.911.09 mg g' d.w.) (Turro et al., 2010) were found to be lower than our
findings.

The chemical composition of edible mushrooms determines their nutritive value. The Se
in mushrooms is dominantly found as selenocysteine, selenomethionine, and methylselenocy-
steine in addition to inorganic Se (CREMADES et al., 2012). Since mushrooms have relatively
high protein levels, and can accumulate large amounts of Se, it is reasonable to expect that
this element could be significantly incorporated in proteins.
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Table 1. Total selenium (n=3) in substrates and fruiting bodies of P. fossulatus and total protein content (n=2) in
fruiting bodies (n=3)

Sample Se (ug gt dw.) Total proteins
(mgg'dw)
Wheat straw Fruiting bodies Fruiting bodies
Se 24.0+0.2 37.2+0.6 307+4.5
Non-Se 1.90+0.8 3.57+0.53 28242.4
*kk ®kk ®%

**: P<0.01; *** P<0.001

2.2. Se in substrate and fruiting bodies

The Se contents in straw collected from Se-rich and control (non-Se) sites and in fruiting
bodies of Se-rich mushrooms cultivated on the said substrates are presented in Table 1. The
fruiting bodies harvested from Se-rich straw containing a total Se concentration of 24.0+0.2
ug g were noted to accumulate significantly higher (P<0.001) Se up to 37.2+0.6 ug g as
compared to control/non-Se mushrooms (3.57+0.53 ug g') cultivated on non-Se straw
(1.940.8 ug g™). The extent of accumulation was notably higher than the Se concentrations
of 4.6 and 9.3 pg g' reported for P. eryngii cultivated on substrates supplemented with 5.0
and 10.0 mg kg' of sodium selenite, respectively (EsTraDA et al., 2009), but lower than those
reported in P. ostreatus (57.6 pg g™') cultivated on substrate supplemented with 3.2 mg kg™!
of sodium selenite (Da Siiva et al., 2012).

Many investigations have been carried out with growing Se-enriched mushrooms on
substrate supplemented with Se, wherein dominantly inorganic forms of Se compounds were
used for the supplementation (Costa-Sitva et al., 2011). However, as there is no report on the
mobilization of Se by mushrooms, such as P. fossulatus, from substrates naturally enriched
with Se, use of such substrates can facilitate the availability of bioaccessible forms of Se
during growth of mushrooms.

2.3. Se induced transformations in antioxidant properties of mushrooms

The influence of Se hyperaccumulation in P. fossulatus was examined on the antioxidant
properties of mushrooms using various assay systems. Among the various antioxidant
compounds, polyphenols have gained importance due to their large array of biological actions
that include free radical scavenging, metal chelation, enzyme modulation activities, and
inhibition of LDL oxidation, among others (Roprico & Bosco, 2006). In addition, Se is well
known for its association with antioxidant mechanisms in humans and animals. The total
phenolic content, expressed as mg GA/g d.w. of mushrooms, is shown in Table 2. The amount
of phenolic compounds in the methanol (20%) extracts from the Se-enriched mushroom
(11.15+0.37 mg GA/g d.w.) was significantly higher (P<0.01) than the control (9.32+0.18 mg
GA/g d.w). Similarly, the total phenol content in 90% methanolic extract from Se-enriched
mushroom (7.10 £0.17 mg GA/g d.w.) was also found to be significantly higher (P<0.05)
than the control (6.45+0.10 mg GA/g d.w.). However, mushrooms in 20% ME showed higher
phenol content than in 90% ME. The results obtained were higher than the total phenol
content (4.0+0.32 mg g') reported in case of Se-enriched fruiting of Agaricus bisporus
(CremADES et al., 2012) but comparable to the phenol content (14.3 mg g™ in water extracts;
7.4 mg g! in methanolic extracts) reported in case of P. sajorcaju (PUTTARAJU et al., 2006)
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grown on non enriched substrates. Increase in the phenol content in Se-enriched mushrooms
may be due to the influence of Se in promoting the synthesis and activity of antioxidant
metabolites, a feature that has been observed in the present study, as well. Various researchers
have earlier defined role of Se in inducing antioxidant capacity by facilitating increase in the
amounts of tocopherol and phenolic compounds in plants (Xu et al., 2003).

Antioxidant tests could be based on the evaluation of lipid peroxidation or on the
measurement of free radical scavenging potency (hydrogen-donating ability). The radical
scavengers donate hydrogen to free radicals, leading to non toxic species and therefore to
inhibition of the propagation phase of lipid oxidation. Antioxidant activity in terms of free
radical scavenging activity of non enriched mushroom extracts is well reported (PutTarAJU et
al., 2006). Compared to those results, the present study showed that normal (non-Se) fruiting
bodies of P. fossulatus have higher activity in terms of radical scavenging. On the other hand,
Se-rich extracts (20% methanol) showed significantly higher (P<0.001) scavenging activity
(33.6%£1.0%) than non-selenated (21.5+0.4%) extracts (Table 2).

Lipid peroxidation is one of the main manifestations of oxidative damage. Lipid
peroxides act on the cellular components, leading to both structural and functional damage of
the bimolecular as well as the cellular structure. Mushrooms are considered to generate
phenolic antioxidants to inhibit lipid peroxidation (YEN & CHEN, 1995). The present
observations showed that the MDA content was significantly lower in Se rich extracts
(51.5£3.0 nM MDA/g d.w.) (P<0.001) compared to control (105.9+2.8 nM MDA/g d.w.)
(Table 2), which suggests the inhibition of lipid peroxidation.

Metal ion chelating capacity plays a significant role in antioxidant mechanism since it
reduces the concentration of the catalyzing transition metal in the lipid peroxidation process
(DopiG & CepELAK, 2004). The chelating effect of Se rich mushrooms from both extractions
(20% ME and 90% ME) was found to be significantly higher (P<0.05) than non-enriched
mushrooms. The 20% ME from Se-enriched and control samples showed the chelating ability
of 56.5£2.07% and 44.7+3.5%, respectively, likewise in 90% ME from Se-enriched and
control mushrooms showed chelating ability of 53.6+3.3% and 45.8+0.48%, respectively
(Table 2).

The results suggested that moderate ferrous-ion chelating ability showed by Se-enriched
mushroom extracts could be beneficial to health. Iron can stimulate lipid peroxidation by the
Fenton reaction and can also accelerate peroxidation by decomposing lipid hydroperoxide
into peroxide and alkoxyl radicals that can themselves abstract hydrogen and perpetuate the
chain of lipid peroxidation (HALLIWELL, 1999). The high metal chelating activity of Se-
enriched mushrooms is assumed to be due to specific metal-Se interactions that greatly affect
antioxidant activity based on the type of metal and the specific features of the Se containing
biological moieties.

The total anti-oxidant content of the methanol extracts of mushrooms were measured
spectrophotometrically with the phosphomolybdenum assay. The total antioxidant content of
the methanol extracts of Se-enriched mushrooms was significantly higher than the control
(Table 2). Se-enriched mushroom as 90% ME showed higher (P<0.001) antioxidant content
(41.9£1.15 mg BHT/g d.w.) than non-enriched extracts (34.7£0.65 mg BHT/g d.w.). Similar
results (P<0.05) were obtained in case of extracts prepared in 20% ME, although lesser
amounts were measured than in 90% ME.

The results in the present study revealed that methanolic extracts of Se-enriched
mushrooms act as free radical scavengers, indicating the potential use of Se-rich mushrooms
for Se supplementation through diet.
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3. Conclusion

The present study demonstrates the use of Se-rich agricultural residues as substrates for
cultivation of Se-enriched P. fossulatus (oyster mushrooms), which hitherto has been the only
one reported with sole exogenous Se supplementation. Pleurotus fossulatus indicated notable
Se accumulation and corresponding antioxidant activities on cultivation using substrates
naturally enriched with selenium. Se-enriched mushrooms with enhanced antioxidant content
can therefore serve as effective dietary supplements or neutraceuticals. Thus, the present
study proposes the use of Se-rich agricultural residues as substrates for mushroom cultivation
for human and livestock Se supplementation.

Research grants under UGC-SAP (II) to Dr. N.Tejo Prakash and RGNF-UGC to Poonam Bhatia are duly
acknowledged.
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