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Abstract

Selenium (Se) is an essential micronutrient for humans and animals, but is deficient in at
least a billion people worldwide, and in some regions appears to be declining in the food
chain. Wheat (Triticum aestivum L.) is a major dietary source of Se in many countries,

including Australia.

The largest survey to date of Se status of Australians found a mean plasma Se
concentration of 103 ug/l in 288 Adelaide residents, just above the nutritional adequacy
level. In the total sample analysed (six surveys from 1977-2002; n = 834), plasma Se was
higher in males and increased with age. This study showed that many South Australians
consume inadequate Se to maximise selenoenzyme expression and cancer protection, and

indicated that levels had declined around 20% from the 1970s.

No significant genotypic variability for grain Se concentration was observed in modern
wheat cultivars, but the diploid wheat Aegilops tauschii L. and rye (Secale cereale L.)
were higher. Grain Se concentrations ranged 5-720 pg/kg and it was apparent that this

variation was determined mostly by available soil Se level.

Field trials, along with glasshouse and growth chamber studies, were used to investigate
agronomic biofortification of wheat. Se applied as sodium selenate at rates of 4-120 g/ha
Se increased grain Se concentration progressively up to 133-fold when sprayed on soil at
seeding and up to 20-fold when applied as a foliar spray after flowering. A threshold of
toxicity of around 325 mg/kg Se in leaves of young wheat plants was observed, a level
that would not normally be reached with Se fertilisation. On the other hand sulphur (S)
applied at the low rate of 30 kg/ha at seeding reduced grain Se concentration by 16%.

This study showed that, although Se concentration was highest in the embryo of wheat
grain, Se and S were more evenly distributed throughout the grain, and hence a lower
proportion was removed in the milling residue, than for other mineral nutrients. Post-
milling processing of wheat, including baking and toasting, is unlikely to result in

reduction of Se content.

Agronomic biofortification could be used by food companies as a cost-effective method to

produce high-Se wheat products that contain most Se in the desirable selenomethionine
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form. Further studies are needed to assess the functionality of high-Se wheat, for example
short-term clinical trials that measure changes in genome stability, lipid peroxidation and
immunocompetence. Increasing the Se content of wheat is a food systems strategy that

could increase the Se intake of whole populations.
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1. Literature Review

1.1 Introduction

A review of literature on selenium (Se) in soils, plants, animals and humans is presented.
The importance of Se in human health is discussed, followed by Se intake by humans,
with a focus on Australia. Strategies to increase Se intake are discussed briefly. The
review then examines wheat as a major source of bioavailable Se, and discusses Se
fertilisation and plant breeding, two strategies to increase Se density in wheat grain. The

issue of phytotoxicity to young wheat plants is also addressed.

1.1.1. Selenium: the essential metalloid

Berzelius, the Swedish chemist who discovered Se in 1817, recognised it to be an unusual
element with properties intermediate between the metals and the non-metals. He named it
after the Greek word for the moon, to distinguish it from tellurium, a similar element

named after the earth.

Se has an atomic weight of 78.96 and an atomic number of 34. It lies between sulphur and
tellurium in Group 6A and between arsenic and bromine in Period 4 of the Periodic Table.
This position accounts for many of its biological relationships with sulphur, arsenic and
phosphorus. Like sulphur, Se can exist in five valence states: selenide (-2), elemental Se
(0), thioselenate (+2), selenite (+4; eg Na;SeO;) and selenate (+6; eg Na;SeOy). Se forms
many inorganic and organic compounds that are similar to those of sulphur (Greenwood &

Earnshaw, 1984).

Se may substitute for sulphur in methionine to form selenomethionine (Lockitch, 1989),
which is the main form of Se in food (Levander, 1983). Inorganic forms (selenite and
selenate) are generally only included in the diet through supplements. The volatile Se

forms are dimethyl selenide, dimethyl diselenide and hydrogen selenide (Lauchli, 1993).

Se is a relatively rare element, 70th in abundance of the 88 elements that comprise the
earth’s crust (Nebergall et al, 1968). However, despite this rarity, Se plays important roles

in animal and human nutrition. As a co-factor in selenocysteine, the 21st amino acid, Se is
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a component of selenoproteins, which have important enzyme functions (Sunde, 1997).
As Reilly observes: “Without it, neither humans nor any other animal could develop

properly or survive for long” (Reilly, 1996, 1).

Until it was recognised as an essential nutrient for humans (Schwarz & Foltz, 1957), Se
was known mainly for its toxicity, and was considered a carcinogen, which resulted in
objections by the US Food & Drug Administration to its use as an additive in livestock
feed (Oldfield, 1981). It is thus ironic that Se now arouses most interest as an
anticarcinogen. Nevertheless, Se was recognised by several researchers for its possible

therapeutic use in cancer treatment from the early 20th century (Schrauzer, 1979).

1.1.2. Selenium in soils: ubiquitous and variable

The ultimate source of all Se is the rocks and soils of our terrestrial environment, in which
it is ubiquitous but enevenly distributed. Soil concentrations range from less than 0.1 to
more than 100 mg/kg; however, most soils contain between 1.0 and 1.5 mg/kg (Berrow &
Ure, 1989). Soil Se level is determined mainly by the nature of the parent rock: highly
siliceous rocks such as granite produce low-Se soils, whereas shales and coals may
contain high levels of Se (Thornton et al, 1983). Soils which are high in organic matter,

such as peats, may also be high in Se (Fleming, 1962).

In general, total soil Se of 0.1 to 0.6 mg/kg is considered deficient. Soils in New Zealand,
Denmark, Finland (pre-1984, before Se was added to fertilisers), central Siberia, and a belt
from north-east to south-central China are notably Se-deficient and hence have sub-
optimal levels in-their food systems (Combs, 2001; Gupta & Winter, 1975; Lag &
Stiennes, 1978). Large areas of Africa, including much of Zaire, are also likely to be Se-
deficient, but further mapping is required. On the other hand, parts of the Great Plains of
the USA and Canada, Enshi County in China, and parts of Ireland, Colombia and

Venezuela are seleniferous (Combs, 2001).

In acidic, poorly aerated soils, Se is poorly available to plants and occurs as insoluble
selenides and elemental selenium. In lateritic soils, which have a high iron content, it
binds strongly to iron to form poorly soluble ferric hydroxide-selenite complexes (Cary &
Allaway, 1969). Elemental Se, though stable in soils, can be slowly oxidised, particularly

at high pH (Geering et al, 1968). Se is available in aerated acid or neutral soils where
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selenites form, and in aerated alkaline soils in the selenate form (Cary & Allaway, 1969).

In certain soils, organic Se may be oxidised to available forms (Shrift, 1964).

Selenates are highly soluble and easily taken up by plants. Selenate ions do not form
stable adsorption complexes or co-precipitate with sesquioxides (Ullrey, 1981). In the low
rainfall seleniferous areas of South Dakota, selenate is highly available and in certain
species of accumulator plants, for example Astragalus, can build up to levels which are
toxic to animals (Oldfield, 1993). In wetter regions, selenate can be leached from the soil,
resulting in selenium-deficient areas, for example New Zealand and Tasmania (Reilly,
1996). The availability of soil Se to crops can be affected by irrigation, aeration, liming

and Se fertilisation (Gissel-Nielsen, 1998).

Australia has both high- and low-Se soils and large areas that have not been mapped for
the element. Seleniferous soils occur in the Tambo Formation of central Queensland
(McCray & Hurwood, 1963), where a limestone shale supports the growth of Se
accumulators, and at several locations on Cape York Peninsula (Judson & Reuter, 1999).
Se deficiency in Australia usually occurs on acidic soils which receive more than 500 mm
rain per year, such as the Central and Southern Tablelands and Slopes (Plant, 1988) and
the Northern Tablelands (Langlands et al, 1981) of New South Wales, the south-eastern
coast of Queensland, associated with tertiary volcanic soils (Noble & Barry, 1982), the
archaean granite soils of south-west Western Australia (Godwin, 1975), coastal and
central regions of Victoria (Hosking et al, 1990), and much of Tasmania’s arable land

(Judson & Reuter, 1999).

In South Australia, Se deficiency occurs in sheep grazing pastures on lateritic soils, mainly
in the Mount Lofty Ranges and on Fleurieu Peninsula and Kangaroo Island. Available Se
is low because the soils are low in pH and high in iron oxides, rainfall is high (500-800
mm p.a.) and waterlogging is common in winter (Reuter, 1975). Moreover, annual
applications of sulphate-containing low-Se superphosphate can reduce available Se in acid
soils (Jones & Belling, 1967). Acidic “sand-over-clay” soils in the South-East of South
Australia also tend to be low in Se (Reuter, 1975).



1.1.3. Selenium in plants: important source for animals and humans

1.1.3.1. Se levels in plants and their effects

The Se contents of plants vary according to available soil Se and species. For example,
wheat grown in Shaanxi Province, China may have 0.003 mg/kg Se in the grain, compared
to 2.0 mg/kg for wheat from the North or South Dakota wheatlands (Combs, 2001).
Wheat from highly seleniferous areas of South Dakota may contain up to 30 mg/kg Se
(University of California, 1988), while Astragalus on the same soils may accumulate up to

15,000 mg/kg (Beath, 1937).

Among non-accumulators, certain crucifers, especially brassicas (including broccoli), as
well as soybeans contain more Se than other crops grown under the same conditions
(Gupta & Gupta, 2000). Although lower plants such as algae require Se for growth
(Lindstrom, 1983), it is not considered to be an essential nutrient for higher plants (Terry
et al, 2000), although previous studies to ascertain essentiality failed to account for
volatile Se compounds (Broyer et al, 1966). Low levels of soil Se do not appear to inhibit
plant growth or crop yields. However, plants contain Se-dependent glutathione
peroxidases, and Se deprivation has been shown to reduce the growth of wheat (Peng et al,
2000) and rice (Zhou, 1990), and increase sensitivities of ryegrass and lettuce to
ultraviolet B radiation (Xue & Hartikainen, 2000). The question of the essentiality of Se
for higher plants shall be examined further below.

Se phytotoxicity is variable: in rice, 2.0 mg/kg DW Se can cause a 10% yield reduction,
whereas in white clover 330 mg/kg is required for the same yield reduction (Mikkelson et
al, 1989). Incorporation of seleno-amino acids into proteins can lead to dysfunctional
enzymes. In particular, the altered tertiary structure of a selenocysteine-substituted protein

inhibits catalytic activity (Brown & Shrift, 1982), and is thus a major cause of Se toxicity.

1.1.3.2. Factors that effect Se uptake by plants

High soil sulphate level decreases uptake of selenate (Hopper & Parker, 1999). This
antagonism is probably due to competition between sulphate and selenate for absorption
by plant roots rather than the reduction by sulphate of selenium solubility in the soil (Cary
& Gissel-Nielsen, 1973), as sulphate and selenate use the same transporter (Breton &

Surdin-Kerjan, 1977).
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Rhizosphere processes play an important role in the availability of Se for plant uptake. In

particular, ascorbic and gallic acids and manganese oxides can increase oxidation of
selenite to selenate (Blaylock & James, 1994). In soils with low availability of inorganic
Se, organic Se may provide an important source of available Se, and selenomethionine is
actively absorbed by wheat plants (Abrams et al, 1990). On the other hand,
trimethylselenonium, an important urinary Se metabolite, is not absorbed by wheat (Olson

et al, 1976).

Refer to Section 2.7.2b below for further discussion of the effect of plant nutrients on Se

uptake.

1.1.3.3. Short-distance transport

In higher plants, selenate influx occurs actively via the sulphate transporter, a high-affinity
permease. Sulphate transporters belong to two classes, with either a high or a low affinity
for sulphate. The high-affinity transporter, the more important one for sulphate uptake, is
expressed primarily in the roots, whereas the low-affinity transporter is expressed in both
shoots and roots (Smith et al, 1995, 1997). A gene (HVST 1) encoding the sulphate
transporter has been isolated in barley (Smith et al, 1997). The transporter genes exhibit a
high degree of sequence conservation with other sulphate transporters cloned from
animals and micro-organisms. The expression of transporter genes is regulated by the
sulphur status of the plant, glutathione and the cysteine precursor, O-acetylserine. High
levels of sulphate and glutathione decrease transcription, whereas high levels of O-
acetylserine increase transcription. Therefore, increasing O-acetylserine levels can

increase selenate uptake (Terry et al, 2000).

Influx of selenite is usually much slower than that of selenate and it appears to be a
passive process that does not involve membrane transporters, although it is partly affected
by metabolic inhibitors (Shrift & Ulrich, 1976). On the other hand it is clear that plants
can take up organic Se forms actively. It was found that selenomethionine uptake by
wheat seedlings followed Michaelis Menten Kinetics and was coupled to metabolism

(Abrams et al, 1990).

Plants can also absorb volatile Se from the atmosphere via the leaves, although this is
minor compared with other routes. The major volatile Se form is dimethyl selenide (Zieve

& Peterson, 1984).



1.1.3.4. Long-distance transport and storage

As with absorption, transport and storage of Se by plants varies with Se form. Selenate is
transported via the xylem to chloroplasts in leaves where it is reduced and the Se
converted to organic forms, some of which are volatile. Selenate is transported more
easily from root to shoot than is selenite or organic Se (Terry et al, 2000). The reason for
selenite’s poor translocation may be because it is rapidly converted to organic Se forms,
which are stored in the roots (Zayed et al, 1998). Using broccoli, Indian mustard,
sugarbeet and rice, Zayed et al (1998) found that shoots of selenate-supplied plants
accumulated the greatest amount of Se, followed by shoots supplied with
selenomethionine, then selenite. In roots, the highest Se concentrations were reached with

selenomethionine, followed by selenite, then selenate.

In maize, Se is transported in the xylem as amino acids when Se is supplied to the plant as
selenite, but remains unchanged during transport when supplied as selenate (Gissel-
Nielsen, 1979). However, in barley and ryegrass, Se form and method of application do
not affect the proportions of the selenium fractions of selenite, selenate, seleno-amino
acids or protein-bound Se in the barley grain or the ryegrass leaves (Gissel-Nielsen, 1987).
Sulphur retranslocates in the phloem via S-methylmethionine, produced from
methyltransferase, and it is likely that Se is transported likewise (Gissel-Nielsen, 1979);
however, more research is required to elucidate the mechanism of Se transport in the

phloem.

Selenate assimilation generally follows that of sulphate. Plants store Se in protein as
seleno-amino acids, and thus plants and their components which are higher in protein are
usually higher in Se (Peterson & Butler, 1962). In high-sulphur crops, eg broccoli, most
Se is present as Se-methylselenocysteine (Whanger, 2002). The DNA codon sequencing
UGA appears to have the dual function of termination codon and codon for selenocysteine
in all groups of organisms, and this is why selenocysteine has been included as the 21st
amino acid (Lauchli, 1993). Se accumulators convert selenocysteine into
selenomethylcysteine, rather than incorporate it into proteins (Brown & Shrift, 1982;
Whanger, 2002).



1.1.4. Selenium in animals: more likely too little than too much

Twentieth century agricultural scientists discovered that Se was responsible for losses to
farmers in areas where the element occurred in excess in the soil, and later recognised that
Se deficiency in agricultural soils was a more widespread and serious problem than

toxicity (selenosis) (Reilly, 1996).

Selenosis has not been a major problem for livestock producers except in the USA, where
it was known to farmers as alkali disease, a reflection of the soil types on which it
occurred. It caused growth reduction, and shedding of hair and hooves. The underlying
mechanisms of this toxicity are still poorly understood but may involve interference with
enzyme activity, particularly by blocking the function of SH groups involved in oxidative
metabolism within cells (Martin, 1978). Today, although Se’s toxicity cannot be

forgotten, animal and human studies focus on its nutritional and disease prevention roles.

Since Se is an essential nutrient, animals respond positively to it where their diet would
otherwise be deficient, that is where it contains less than 0.1 mg/kg Se in dry matter
(Oldfield, 1993). Conditions which are related to Se deficiency, some of which occur on a
wide scale in certain countries, include white muscle disease, exudative diathesis,
pancreatic degeneration, liver necrosis, mulberry heart disease, and ill-thrift. These
conditions may respond also to vitamin E, but not as strongly as to Se, and it should be

noted that Se deficiency is usually not the only cause of these diseases (Reilly, 1996).

White muscle disease is a myopathy of skeletal and heart muscle which can affect lambs,
calves, horses, goats, poultry, rabbits, deer and rats (Oldfield, 1990). It is the most
economically important Se-deficiency condition of livestock. It was estimated in 1960
that around 30% of New Zealand’s sheep flock (i.e. around 15 million sheep) were at risk
of developing Se-deficiency conditions, including white muscle disease (Wolf et al, 1963).
Pathogenesis of the disease involves an increase in lipid peroxidation in muscle (Kennedy

et al, 1993).

Exudative diathesis in chicks and piglets is often caused by rations of low-Se grain. It
causes oedematous muscles, reduced growth rate and eventual death, and often occurs
concurrently with white muscle disease and pancreatic degeneration (Andrews et al, 1968;

Bains et al, 1975; Salisbury et al, 1962).
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In mulberry heart disease, two- to four-month old piglets born of Se- and vitamin E-

deprived sows develop extensive cardiac haemorrhage and connective tissue lesions,

which may result in sudden death (Shamberger, 1981).

Se deficiency can also cause ill-thrift, which, prior to extensive Se supplementation,
affected large numbers of sheep and cattle grazing improved pastures in New Zealand and
Australia (McDonald, 1975). Ill-thrift may manifest as reduced fertility (Underwood,
1977), retained placenta in cows (Mayland, 1994) or impaired immune response: in the
absence of protection by adequate levels of glutathione peroxidase, the free radicals which
are produced by neutrophils to kill ingested foreign organisms can damage the neutrophils

themselves (Arthur et al, 1981).

Various methods are used to supplement Se in livestock, including application as a
fertiliser to pastures, free choice supplementation, and direct administration to animals. Se
supplementation is practised widely in Finland, Sweden, New Zealand, Australia, the

United Kingdom, Canada and the United States (Oldfield, 1990; Reilly, 1996).

1.2. Selenium: essential for human health

1.2.1. Introduction

Since Se was recognised as an essential nutrient by Klaus Schwarz (Schwarz & Foltz,
1957), a voluminous literature has accumulated which describes and examines the
profound effect of this element on human health. It is beyond the scope of this literature
review to examine in depth the many roles of Se in the human body. Moreover, several
comprehensive reviews have been published, including those of Reilly (1996), Rayman
(2000, 2002) and Combs (2001). Combs examines Se in humans within a food systems
context and makes the distinction between Se’s normal metabolic roles and its
anticarcinogenic activity at supra-nutritional levels. This review shall summarise the
known roles of Se in the body, briefly examine variability in global intakes and blood

levels, look at toxicity and then focus on selenium intake in Australia.



1.2.2. Selenoprotein activities

Twenty-five mammalian selenoproteins have been discovered to date; however, the
functions of most of these are yet to be determined (Kryukov et al, 2003). Selenoproteins
have important enzyme functions in humans (Sunde, 1997) and contain selenocysteine.
At least four steps are required for the synthesis of selenocysteine, starting with the tRNA
for serine (Kryukov et al, 2003). Glutathione peroxidase (of which at least five forms
exist) has an antioxidant role in reducing damaging hydrogen peroxide and lipid and
phospholipid hydroperoxides which are present in all cells. This function reduces damage
to lipids, lipo-proteins and DNA, and hence reduces risk of cardiovascular disease and
cancer (Diplock, 1994; Neve, 1996). Glutathione peroxidase also protects vitamin E, a
lipid-soluble antioxidant. Other known selenoenzymes are the iodothyronine deiodinases,

thioredoxin reductases and selenophosphate synthetase (Allan et al, 1999).

The thioredoxin reductases are involved in reduction of nucleotides in DNA synthesis,
regeneration of antioxidant systems, and maintenance of intracellular redox state (Allan et
al, 1999). The iodothyronine deiodinases catalyse the production of active thyroid
hormone, T3, from thyroxine, T4 (Beckett et al, 1987). Selenophosphate synthetase is
necessary for the synthesis of selenophosphate, the selenocysteine precursor (Allan et al,

1999).

Other selenoproteins have been identified, but their exact metabolic roles remain unclear.
These include selenoprotein P (found in plasma; appears to protect endothelial cells from
peroxynitrite) (Arteel et al, 1999), selenoprotein W (needed for skeletal and cardiac
muscle function) (Vendeland et al, 1995), sperm mitochondrial capsule selenoprotein
(required for stability and motility of sperm) (Karimpour et al, 1992; Ursini, 1999), and
prostate epithelial selenoprotein (redox function which may protect glandular cells against

cancer) (Behne et al, 1997).

1.2.3. Selenium deficiency diseases

In parts of China and eastern Siberia two overt Se-deficiency diseases occur: Keshan
disease, a cardiomyopathy which bears similarities to white muscle disease of sheep and
cattle, and Kaschin-Beck disease, a deforming arthritis. Keshan disease occurs mainly in

children and women of child-bearing age. It involves reduction of cardiac function,
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cardiac enlargement and arrhythmia (Reilly, 1996). The disease’s etiology is likely to be

complex, involving Se and vitamin E deficiencies, and presence of the Coxsackie B virus
(Levander & Beck, 1999; Yang et al, 1994). In the 1940s the case-fatality for Keshan
disease in China was over 80%. The incidence of the disease has been reduced markedly
by the use of selenite tablets and selenite-fortified salt (Yang et al, 1984). Other factors
involved in this improvement include improved sanitation and medical infrastructure, and

a more varied diet (Reilly, 1996).

Kaschin-Beck disease (KBD) is an osteoarthropy which manifests as enlarged joints,
shortened fingers and toes, and in severe cases dwarfism. Se and vitamin E deficiency
(Reilly, 1996) and iodine deficiency (Neve, 1999) are likely to be predisposing factors
rather than a primary cause. Proposed causative factors include fulvic acids in drinking

water (Peng et al, 1999) and mycotoxins in food (Xiong et al, 1998).

1.2.4. Immune function

Se has a role in many aspects of the immune response to infections, and its contribution to
the integrity of the immune system is a major feature of its nutritional role (Reilly, 1996).
Nutritional Se deficiency has been shown to impair the in vitro ability of neutrophils and
macrophages to kill ingested cells of the yeast Candida albicans (Boyne & Arthur, 1986).
Depressed oxidative metabolism in polymorphonuclear leukocytes (blood phagocytes
which can leave the blood and migrate to extravascular sites of infection and
inflammation) caused by Se deficiency has been shown to be associated with defective
killing ability of these cells (Dimitrov et al, 1984). Furthermore, the mRNAs of several T-
cell-associated genes have the ability to encode selenoproteins, which indicates that Se
may have more roles in the immune system than previously thought (Taylor &

Nadimpalli, 1999).

1.2.5. Thyroid function

The thyroid gland has the highest Se concentration of any human organ (Kohrle, 1999),
and Se is involved in thyroid metabolism, notably through the catalysis of the T4 to T3
conversion by iodothyronine 5-deiodinase. The iodine deficiency diseases goitre and
myxedematous cretinism are more prevalent in central Africa in those regions which are

deficient in both iodine and Se (Vanderpas et al, 1993), and in such areas supplementation
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with both nutrients is indicated. Moreover, a thyroid response has been found in a sample
of elderly Westerners, where supplementation with Se resulted in enhanced conversion of

T4 to T3 (Olivieri et al, 1995).

1.2.6. Cancer

There is “perhaps no more extensive body of evidence for the cancer preventive potential
of a normal dietary component than there is for selenium” (Combs & Gray, 1998, 186).
From the late 1960s, epidemiological studies have suggested an inverse association
between human Se intake and cancer mortality (Combs & Gray, 1998). Cancer mortality
in different counties in the US was found to be inversely related to the distribution of Se in
soils and forage crops (Clark et al, 1991), and in Schrauzer’s 27-country study dietary Se
intake was inversely associated with total age-adjusted cancer mortality (Schrauzer et al,
1977). Although some of the Se-cancer epidemiological studies have design flaws, are
subject to confounding, and have low numbers of certain cancers with consequent lack of

statistical power, the evidence remains compelling (Lyons, 2000).

An extensive literature documents the numerous in vifro and animal studies which have
been conducted during the past 35 years. Most demonstrate that application or intakes of
Se at supra-nutritional levels can inhibit tumorigenesis (Combs & Gray, 1998; El-
Bayoumy, 1991; Ip, 1998). For example, a study of pulmonary metastases of melanoma
cells in mice found that 2 ppm of selenite in the diet reduced the median number of lung

tumours from 53 in controls to one (Yan et al, 1997).

Prospective cohort and case-control studies that have involved up to 34,000 people have
generally shown an association between low Se status and a significantly higher risk of
cancer incidence and mortality (Brooks et al, 2001; Knekt et al, 1998; van den Brandt et
al, 1993; Willett et al, 1983; Yoshizawa et al, 1998; Yu et al, 1999). For example,
Yoshizawa et al (1998) found that men in the lowest quintile of Se level were three times

more likely to develop advanced prostate cancer than those in the highest quintile.

Intervention studies using Se as a single chemopreventive agent include the Qidong trials
in China, where selenite significantly reduced primary liver cancer (Yu et al, 1997). In the
Nutritional Prevention of Cancer (NPC) trial in the USA, 200 pg Se/day (as yeast) reduced

total cancer mortality by 41%, total cancer incidence by 25% and prostate cancer
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incidence by 52% in a cohort of 1,300 people. The effect on total cancer was limited to
male smokers (current or previous) with baseline Se levels below 113 pg/l, although non-
smoking males below this level are likely to have benefited from Se supplementation in

terms of prostate and colon cancer protection (Duffield-Lillico et al, 2002).

Current, larger Se-cancer chemoprevention trials include the PRECISE trial, with 50,000
participants, and the PINS trials investigating prostate cancer, and which include vitamin

E in certain treatment groups (Lee & Fair, 1999; Nelson et al, 1999; Rayman, 2000).

The NPC trial was conducted in a region of the US where Se intakes are estimated to be
around 90 pg/day, well above the level required for optimal selenoenzyme activity
(Thomson et al, 1993). This suggests additional mechanisms in Se’s cancer preventive
role. While some cancer protection, particularly that involving antioxidant activity,
involves selenoenzymes, the anti-cancer effect of Se is likely to involve the production of
specific anti-tumorigenic metabolites, notably methylselenol, which neutralise
carcinogens, enhance the immune system, alter gene expression, inhibit tumour cell
metabolism and neo-angiogenesis (blood vessel development around tumours), and
promote apoptosis (programmed cell death) (Combs & Gray, 1998; Combs, 2000, 2001;
Finley & Davis, 2001; Harrison et al, 1997; Ip et al, 1991; Jiang et al, 1999; Lu, 2000;
Rayman, 2000; Seo et al, 2002).

According to this two-stage model of cancer prevention, which involves Se intakes that
correct nutritional deficiency as well as much higher, supranutritional intakes, individuals
with nutritionally adequate Se intakes may benefit from Se supplementation (Combs &

Gray, 1998). Se’s anti-cancer activities remain under intensive study worldwide.

1.2.7. Viral diseases

Se deficiency is associated with increased virulence of a range of viral infections (Taylor,
1997). The association of Keshan disease with Coxsackie B virus was noted above. It is
evident that in a Se-deficient host, normally harmless viruses can become virulent. For
example, when Se-deficient mice are inoculated with benign Coxsackie B3 virus, the virus
mutates into a virulent form that causes myocarditis similar to that seen in Keshan disease
(Beck et al, 1995, 1998), and mortality increases significantly if the virus is co-

administered with mercury, a Se antagonist (South et al, 2001).
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Se appears to be a particularly important nutrient for people with HIV. It strongly inhibits

HIV replication iz vitro, inhibits viral cytotoxic effects and the reactivation of HIV-1 by
hydrogen peroxide, and inhibits necrosis factor kappa alpha and beta, which are important
cellular activators of HIV-1 (Look et al, 1997; Sappey et al, 1994). Moreover, Se
deficiency is a significant predictor of HIV-related mortality (Baum & Shor-Posner, 1998;
Campa et al, 1999) and viral load (Baeten et al, 2001). It was found that Se-deficient HIV
patients are nearly 20 times more likely to die from HIV-related causes than those with
adequate levels (Baum et al, 1997). The decline in blood Se levels occurs even in the
early stages of the disease and is thus unlikely to be due to malnutrition or malabsorption

(Look et al, 1997).

Se also appears to be protective in people infected with hepatitis B or C against
progression to cirrhosis and liver cancer (Yu et al, 1997; Yu et al, 1999). Selenoproteins
encoded by HIV, hepatitis C virus and the Ebola virus (which causes acute haemorrhage)
have been discovered that consume the host’s Se supply, thus reducing immune response.
Adequate Se status protects against viral progression by maintaining host
immunocompetence and intracellular redox control: the cell is likely to remain alive and
the virus replicates at low levels. However, under Se deficiency, increased oxidative
stress activates the virus, which increases replication to escape the dying cell (Taylor &

Nadimpalli, 1999; Zhao et al, 2000).

Given the high global incidences of HIV, hepatitis B and C, and other RNA viruses,
including measles and influenza (new strains of which regularly evolve in China, with its

Se-deficient belt), the public health implications of the above findings are enormous.

1.2.8. Cardiovascular disease

Damage to the vascular epithelium by reactive oxygen species causes various
cardiovascular diseases, including atherosclerosis. This damage can be prevented by Se
(Hara et al, 2001). Several epidemiological studies also suggest a protective effect of
selenium against cardiovascular disease (Bjorksten, 1979; Salonen et al, 1982; Suadicani

et al, 1992), although the effect may only be apparent in populations of low Se status.

Glutathione peroxidase is required for the metabolism of hydroperoxides produced in

eicosanoid synthesis by the lipoxygenase and cyclo-oxygenase pathways (Spallholz et al,
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1990). It also reduces total cholesterol, triglycerides, free fatty acids and low density

lipoproteins in the serum (lizuka et al, 2001). Further evidence for a protective role of Se
against cardiomyopathies is provided by the finding that Se deficiency aggravates the
effects of lipid peroxides (Neve, 1996; Schoene et al, 1986; Warso & Lands, 1985), and is
a major risk factor for Keshan disease and white muscle disease, discussed above.
Moreover, cardiomyopathy associated with selenium deficiency in parenteral nutrition is

well recognised as a potential problem in hospital patients (Reilly, 1996).

1.2.9. Other oxidative stress/inflammatory conditions

There is a growing body of evidence to suggest that Se (especially in the sodium selenite
form) can alleviate conditions associated with high levels of oxidative stress or
inflammation. These include asthma (Greene, 1995; Hasselmark et al, 1993; Misso et al,
1996; Shaheen et al, 1999), diabetes (Douillet et al, 1998; Kowluru et al, 2001; Kruse-
James & Rukgouer, 2000; Naziroglu & Cay, 2001; Stapleton, 2000), arthritis (Knekt et al,
2000; Peretz et al, 2001; Rosenstein & Caldwell, 1999), muscular dystrophy (Kurihara et
al, 2000; Passwater, 1980), cystic fibrosis (Kauf et al, 1994; Wallach & Garmaise, 1979),
pancreatitis (Burney et al, 1989; De las Heras Castano et al, 2000; Kuklinski et al, 1995;
McCloy, 1998; Uehara et al, 1988; Van Gossum et al, 1996), osteoarthritis (Kurz et al,
2002), systemic inflammatory response syndrome (Angstwurm et al, 1999) and
kwashiorkor (Ashour et al, 1999; Golden et al, 1985; Hopkins & Majaj, 1967; Levine &
Olson, 1970; Schwarz, 1961).

1.2.10. Fertility

Low Se status has long been known to reduce fertility in livestock (Underwood, 1977),
and this also appears to be the case for humans. Low Se levels have been associated with
male infertility (Se is required for testosterone biosynthesis and the normal development
of spermatozoa; the two known sperm selenoproteins were noted above) (Behne et al,
1996; Vezina et al, 1996) and spontaneous abortions (Barrington et al, 1996). Se may
protect against oxidative DNA damage in sperm cells. Xu et al (2003) found significant
correlations between Se in seminal plasma and sperm density, number, motility and
viability in a sample of men. In a Scottish study, supplementation of subfertile men with
100 pg of Se per day for three months significantly increased sperm motility (Scott &
MacPherson, 1998), and supplementation of a similar group with 225 ug Se/day and 400
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mg vitamin E/day decreased oxidative stress and increased sperm motility (Keskes-
Ammar et al, 2003). Conversely, Hawkes & Turek (2001) found that a diet containing

300 g Se/day caused a reduction in sperm motility in healthy men.

1.2.11. Detoxification of heavy metals

Se, the most reactive of the trace elements, forms selenides with all metals, and detoxifies
mercury, cadmium, lead, silver, thallium and arsenic. This effect can be enhanced by
vitamin E (Frost, 1981). In the case of cadmium and mercury, the detoxification is
achieved through the diversion in their binding from low to high molecular weight
proteins (Whanger, 1992). At low dietary Se intakes the presence of any of these metals
may produce Se deficiency, with consequences as discussed above. This may have public
health implications if the levels of Se-antagonistic elements in foods and the environment

result in exposures well in excess of dietary Se intakes (Schrauzer, 1979).
1.3. Human selenium intake: variable but mostly too low
1.3.1. Selenium intake in humans

In his review of Se in global food systems, Combs (2001) summarises Se levels for major

classes of foods from several countries. His data are summarised in Table 1.

Table 1. Range of Se concentrations found in different food classes

Food class Range (,ug/kg)' Usual range (pg/kg)
Cereal products 46,9007 50 - 600

Vegetables 1 — 45,7007 2-80

Fruits 1-60 5-60

Red meats 10-910 50 -300

Poultry 10 - 700 50-180

Fish 30-1,480 100 - 600

Milk products 2-430 10 - 120

Eggs 20— 1,500 50 - 200

"The range comprises the combined data for the US, England, Germany, New Zealand,
Finland, China and Venezuela.

*Selenosis areas in China.

(After Combs, 2001)
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Estimates of Se intake for adults in various countries are summarised in Table 2.

Table 2. Estimated human Se intakes in selected countries

Country Se intake References
(ng/adult/day)
Australia 63 - 96 (range 23 - 204) Fardy et al, 1989; Reilly,
1996
Belgium 45! Robberecht et al, 1994
Canada 98 - 224 Gissel-Nielsen, 1998
China - KD area 711" Combs & Combs, 1986
- Moderate Se area 40'% - 120 Combs & Combs, 1986;
Xian et al, 1997
- Selenosis area 750 - 5,000 Yang et al, 1997
Croatia 27" Klapec et al, 1998
England 1217 - 432 Barclay et al, 1995; Joint
Food Safety &
Standards Group, 1997
Finland - Pre 1984 2517 Aro et al, 1995
- Post 1984 67-110 Aro et al, 1995;
Anttolainen et al, 1996
Japan 104 - 127 Suzuki et al, 1988;
Yoshita et al, 1998
New Zealand 19'% - 80 Duffield & Thomson,
1999; Robinson &
Thomson, 1987
USA 60 - 220 Combs & Combs, 1986
Venezuela 200 - 350 Combs & Combs, 1986

" This level does not meet the WHO normative requirement (WHO, 1996)

2 This level does not meet the recommended dietary allowance (Panel on Dietary
Antioxidants and Related Compounds, 2000)

(after Combs, 2001 - with addition of Australia)

It is evident that many people do not consume enough Se to support maximum expression
of the selenoenzymes, let alone the level required for optimum prevention of cancer, heart
disease, etc. Combs (2001) estimates the number of Se-deficient people in the world to be
in the range of 500-1,000 million. As well, he considers that the vast majority of the
world’s population have suboptimal Se intakes, and hence are at increased risk of cancer,
heart disease, viral diseases, and indeed any conditions which involve increased levels of

oxidalive siress.

1.3.2. Human blood concentrations of selenium: the global view

Combs (2001) presents a comprehensive list of Se concentrations in plasma, serum or

whole blood of healthy adults from 69 countries, of which a sample (serum/plasma data
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from 14 countries) appears below in Table 3. Blood Se levels are determined mainly by
dietary intake, although sex, age, smoking and exposure to heavy metals can have an
effect (Robberecht & Deelstra, 1994). Selenium concentrations of plasma are around 81%
of those of whole blood (Zachara et al, 1988) and around 94% of those of serum (Harrison
et al, 1996). Note that there are few data available from some of the most populous areas

of the world, including most of Africa, South America and central and south Asia.

Table 3. Se concentration in adult human plasma/serum for selected countries

Country Mean Se level References
(ug/L)
Austria 67 Tiran et al, 1992
Australia 93 Mean of findings from 10
studies; for references, see
below
Burundi 15 Benemariya et al, 1993
Canada 132 Lemoyne et al, 1993
China - KD areas 21 Whanger et al, 1994
- Selenosis area 494 Whanger et al, 1994
- Other areas 80 Whanger et al, 1994
Finland - Pre 1984 70 Aro et al, 1989
- Post 1984 92 Mutanen et al, 1989
Hungary 54 Cser et al, 1992
Japan 130 Suzuki et al, 1989
New Zealand 59 Whanger et al, 1988
Norway 119 Meltzer & Huang, 1995
Slovak Republic 58 Krajkovicova-Kudlackova et
al, 1995
USA 119 Primm et al, 1979
Venezuela 216 Bratter et al, 1984
Zaire 27 Thilly et al, 1993

(after Combs, 2001 - with the addition of Australia)

The mean value (calculated as the mean of the means for a representative sample of 45
countries and using post-1990 data only is 78 pg/l, with a range of means from 15
(Burundi) to 125 (Canada). This can be compared to the figure of 70 ug/L, the WHO’s
reference level, which is the minimum reported level for which further selenium
supplementation fails to increase plasma or serum glutathione peroxidase activities (Neve,
1995). Rayman (1997) has suggested that this level should be increased to 100 pg/L as a
criterion of nutritional adequacy. The absolute range of values, including selenosis areas,

is 15-494 ug/L (China-Enshui).
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Evidence suggests that there is a global trend toward a reduction of Se in the food chain,
caused by fossil fuel burning (with consequent sulphur release), acid rain, soil
acidification, the use of high-sulphur fertilisers (Frost, 1987) and more intensive crop
production (Gissel-Nielsen & Gupta, 2001). Rayman (1997) and Giovannucci (1998)
observe that blood Se levels have decreased significantly in the United Kingdom from
1984 to 1994, and current average selenium intake in the UK may be as low as 35 pg/day
(Barclay et al, 1995). These authors attribute this fall in part to the use of low-Se UK and
European wheat in place of US wheat. This highlights the sensitivity of Se intake and
body levels to changes in the food supply. Both authors call for action to increase Se

intake.

1.3.3. Selenium levels in the Australian population

The figure of 93 ug/L quoted for Australia is calculated as the mean of the means
determined from ten studies of blood Se levels. The studies (with mean plasma or serum
Se levels determined, in pug/L) are: Brock et al, 1991 (88); Cumming et al, 1992 (81);
Daniels et al, 2000 (77, 88); Dhindsa et al, 1998 (92); Judson et al, 1982 (113); Judson et
al, 1978 (121); Lux & Naidoo, 1995 (101); McGlashan et al, 1996 (80); McOrist & Fardy,
1989 (98, 86); and Pearn & McCay, 1979 (88). If post-1990 data only are used, the mean
is 89 ug/ L.

In Australia, relatively low blood Se levels have been found in Adelaide infants, along
with evidence for declining levels in adults. Daniels et al (2000) found a plasma Se level
of around 31 ug/L (SD 13) in a sample of newborn infants, a level comparable with that of
New Zealand. Infant levels are typically half those of adults. These levels place the
infants at increased risk of a range of conditions which involve oxidative stress and

inflammation.

Se levels in South Australians may be falling. Whole blood Se level for a 1977 sample of
South Australians (Institute of Medical & Veterinary Science employees) was reported to
be 152 pg/l (equivalent to around 122 for plasma) (Judson et al, 1978) and a sample from
Kangaroo Island in 1979 was 142 pg/L (equivalent to around 114 for plasma) (Judson et
al, 1982), while in later samples of Adelaide adults, mean plasma selenium levels were 98

(Fardy et al, 1989) and 88 (Daniels et al, 2000).



19
Daniels et al (2000) observe that, given the geographical variability in Se intake and blood

levels and the sensitivity of these to changes in the food supply, it is necessary to use local
data to monitor Se status. They refer to the paucity of Australian Se status data: there
have been few studies and most have involved small sample sizes. Indeed her own study,
South Australia’s most recent, uses 1990 data and a sample size for adults of just 19.
Clearly, more data are required to clarify the Se status of Australians, and this leads to the

first research question of this thesis:

RESEARCH QUESTION 1: What is the current Se status of a sample of

relatively South Australian residents?

1.3.4 Selenium toxicity: garlic breath and cracked nails

Much has been written about the toxicity of Se, but a careful examination of the literature
reveals that it may have been exaggerated. A total of three deaths, including those of two
infants are attributed to excess dietary Se (Reilly, 1996), and in none of these is it clear
that Se was the primary cause of death. Perspective is gained by consideration of the
magnitude of current levels of iatrogenic (medically-induced) death: for example, adverse
effects of medications are estimated to be the fifth highest cause of death (involving
around 70,000 deaths per year in hospitals alone) in the US (Phillips et al, 1998; Starfield,
2000).

In the 1980s, due to a manufacturing mistake, several people each ingested up to 2.4
grams of Se. Symptoms of poisoning included garlic breath, nausea, vomiting, hair loss,
fatigue, irritability and nail changes. The changes were all reversible and all the people
recovered (WHO, 1987). In the 1970s in New Zealand, a 15-year old girl attempted
suicide by ingesting 400 ml of sheep drench containing 1 gram of sodium selenate.
Symptoms included nausea and a strong garlic breath. Her serum selenium level was
3,100 pg/L, 20 times the usual level for the Rotorua area. She was discharged after 17
days with no symptoms (Civil & McDonald, 1978).

Chronic selenosis occurs in Enshi County, China where coal-contaminated soil contains
up to 8 ppm Se, and residents have consumed up to 7 mg per day. Common symptoms
include nail thickening and cracking and hair loss, and some people exhibit skin lesions

(Liu & Li, 1987; Yang & Zhou, 1994). The concern that the incorporation of
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selenomethionine into body proteins could increase Se to toxic levels is not warranted
because a steady state is established, which prevents the uncontrolled accumulation of Se

(Schrauzer, 2000).

Se intakes shall be discussed in greater depth below, but it appears very unlikely that acute
toxicity would occur with doses less than 1,000 pg per day. People in parts of China, the
US, Venezuela and Greenland have ingested Se at this level for their entire lives without
ill effects (Taylor, 1997), and men at high risk of prostate cancer have been supplemented
with 3,200 pg of Se (as yeast) per day for more than three months with no problems
(Nelson et al, 1999).

1.3.5. Optimal selenium intake

In the NPC trial in the US, the strongest protective effect of Se against cancer occurred in
the lowest (relative risk of 0.52, 95% CI: 0.33-0.82) and middle (RR 0.64, 95% CI 0.40-
0.97) tertiles, which included those people with plasma Se levels below 120 pg/L
(Rayman & Clark, 2000). None of the subjects had plasma Se levels below 60 pug/L and
very few were less than 80, thus the cohort must be considered Se-adequate by current

nutritional standards (Combs, 2000).

Although there is a risk in generalising results of individual epidemiological and
intervention studies, this result would suggest, using the levels presented by Combs (2001)
above, that the vast majority of the world’s population (including that of Australia, with a
probable mean plasma/serum level around 89 pg/L, and the entire population of Europe

(Rayman, 2000)) would be in the responsive range.

Optimal level of Se intake shall now be discussed. The NPC participants lived in a region
where dietary Se intake is around 90 pg/day (Clark et al, 1996), thus with the addition of
the 200 pg supplement, individuals in the treatment group would have received around
270-290 pg/day. Although the US RDA for Se is currently 55 pg/day, around 110 pg/day
is required to reach a plasma Se concentration of 120 pug/L (Combs, 2001), and the safe
and adequate range of 50-200 pg/day for adults (National Research Council, 1980) is
often quoted. To provide a sufficiently wide safety margin, the US reference dose for Se

from all nutritional sources for a 70 kg human has been set at 350 pg/day. This level
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defines as safe the total intake by an American adult on a normal diet who is taking an

additional 200 pg/day as a supplement (Schrauzer, 2000).

Combs (2001) considers that a Se intake of around 300 pg/day may be required to
significantly reduce cancer risk. This compares with an estimated Australian adult intake
of around 75 (see Table 2 above). Of course, as Rayman (2000) notes, Se requirement
varies between individuals in the same population. Even Moyad (2002), who expresses
doubts about the interpretations of certain Se studies, and considers some estimates of its
cancer-protective effect to be optimistic, suggests that an intake of 200 ug Se/day and
around 50 mg vitamin E/day may be beneficial, particularly for current or previous
smokers. The results of the NPC trial (Duffield-Lillico et al, 2002) suggest that males
may have a higher Se requirement than females. Further studies may find optimum adult
Se intakes in the range 125-280 pg/day, with means of around 130 (for females) and 250
pg/day (for males). Pregnant females may have a higher Se requirement than non-

pregnant females (Dylewski et al, 2002).

With respect to a safe upper limit, a review by the US Environment Protection Agency,
using the Enshi County study of Yang et al (1989) as a reference, concluded that no
adverse effects were observed in individuals with whole blood Se concentrations as high
as 1,000 pg/L, with a no adverse effect adult intake level of 853 ug Se/day (Poirier, 1994).
Under normal conditions, a Se intake of less than 1,000 pg/day (or 15 pg/kg bodyweight)
does not cause toxicity (Neve, 1991; Taylor, 1997), although in certain sensitive
individuals the maximum safe intake may be as low as 600 pg/day (Whanger et al, 1996),
and thus Rayman (2000) cautions that it would be sensible to restrict the upper adult limit
to 450 pg/day.

It is unlikely that the food system of any country, with the possible exception of
Venezuela, delivers an optimal level of Se to its population, and indeed the food systems
of most populations do not even provide enough Se to maximise selenoenzyme expression
(Combs, 2001). The impact of this deficiency and suboptimality in global health terms is
difficult to quantify, but is likely to be enormous given the high prevalence of various
cancers, cardiovascular diseases, viral diseases (including AIDS, hepatitis, medsles and
influenza), and exposure to environmental pollutants throughout much of the world. It is
thus a matter of urgency that many countries begin to address this major public health

issue and develop effective, sustainable ways to increase Se intakes (Combs, 2001).
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1.4. Strategies to increase human selenium intake

Given that the populations of most countries would be likely to benefit from an increased
Se intake, how could this be best achieved? Strategies to increase Se intake include
increased consumption of higher-Se foods through education, individual supplementation,
food fortification, supplementation of livestock, use of selenium fertilisers, and plant

breeding for enhanced selenium accumulation. Each of these shall be discussed briefly.

1.4.1. Increased consumption of higher-selenium foods through

education

Globally, wheat is probably the most important dietary source of Se. Even in Europe,
with its low levels of available soil Se, bread and cereals, being commonly consumed, are
important Se sources. In the UK, for example, it is estimated that they supply around 22%
of Se, second to meat, poultry and fish (36%) (Ministry of Agriculture, Fisheries & Food,

1997). The importance of wheat as a Se source shall be discussed further below.

Brazil nuts provide the most concentrated natural food source of Se. In the UK they were
found to contain 2-53 mg/kg of Se (Thom et al, 1976), while an Australian study found
even higher levels: 0.5-150 mg/kg (Tinggi & Reilly, 2000).

1.4.2. Individual supplementation

In Western countries today many people regularly consume Se supplements. In the US a
variety of non-prescription pharmaceutical preparations designed to increase Se status is
available. In Australia the range of Se supplements is narrower, although a Se-yeast
powder and several selenomethionine tablets are available, up to the allowed maximum of

50 ug of Se per tablet.

Se-yeast (from California, the same form as used in the NPC ftrial) is probably the best
form to take: it is effective, safer and more bioavailable than inorganic forms, and includes
several organic Se forms, including selenomethionine and selenocysteine (Bird et al,
1997). Another form of individual supplementation is selective consumption of the

fortified or “functional foods” listed below.
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A well-known deficiency of individual supplementation as a population strategy to
improve nutrition is that those people most in need tend to be the least likely to take

supplements.

1.4.3. Food fortification

This approach has been used successfully with folate-enriched breakfast cereals, iron-
enriched milk, iodised salt, carotene- and vitamin E-enriched margarine, as well as
selenised salt in Se-deficient regions of China. Seleniferous areas can be considered
resources for the production of Se-enriched plants: for example, in China an elixer is made
from high-Se tea in Enshi County (Combs, 2001), and high-Se wheat from South Dakota,
USA attracts a premium price (Fedgazette, 2000). These examples can be included in the
functional foods category, along with high-Se broccoli (Finley, 1999), high-Se garlic (Ip &
Lisk, 1994) and the high-Se wheats noted above. Also, soybeans accumulate relatively
high levels of selenium when it is added as a fertiliser: for example, when 10 g/ha Se was
added to the soil as selenate, soybeans accumulated 1.93 mg/kg Se (control 0.03)
compared to 0.26 mg/kg (control 0.02) in barley grain (Gupta & Macleod, 1994). Thus
Se-rich soymilk could become a popular functional food. Combs (2001) even lists a high-
Se beer marketed in China. These products are likely to become more popular if the

findings from the current large Se-cancer prevention trials are positive.

1.4.4. Selenium supplementation of livestock

Supplementation strategies to increase dietary Se intake by livestock (and thus increased
levels in meat and milk) include Se fertilisation of pastures (noted above), dietary
supplements (e.g. salt licks or added to the rations of dairy cows during milking), and
direct administration (drenches, slow-release reticulum/rumen “bullets”, injection). Se
supplementation of dairy cows, apart from raising Se levels in milk, reduces the incidence

of mastitis (Ali-Vehmas et al, 1997).

In New Zealand, sodium selenate is supplied as a prill to pastures at up to 10 g/ha, and this
is also the allowable limit in Australia (Wilson, 1964). In Western Australia, slow-release
barium selenate applied at 10 g/ha prevented subclinical selenium deficiency in sheep for
four years, whereas a single application of sodium selenate at the same rate was effective

for only 15 months (Whelan & Barrow, 1994).



24

Supplementation of livestock with Se is unlikely to be an efficient strategy to increase Se
level in the human population. In New Zealand, little increase in the Se content of human
foods was observed after the introduction of Se supplementation for farm animals in the

1960s (Thomson & Robinson, 1980).

1.4.5. Selenium fertilisation of crops

The use of Se as a soil amendment in fertiliser is practised mainly in Finland (by law from
1984) and New Zealand (at an individual level, and generally on pastures to increase the
Se level in grazing animals - see below). In Finland, Se was initially added to NPK
fertilisers at a rate of 16 mg/kg for cereal crops and 6 mg/kg for pastures. In 1990 it was
reduced to 6 mg/kg for cereals and pastures; however, this change stabilised the average
human blood Se level at a lower concentration than intended and in 1998 supplementation

was increased to 10 mg/kg for crops and pastures (Gissel-Nielsen & Gupta, 2004).

The Finnish experiment has demonstrated the safety, effectiveness, ease and cost-
efficiency of this approach to raise Se levels in a human population. Dietary Se intakes
trebled and plasma Se concentrations nearly doubled within three years of the program’s
commencement (Aro et al, 1995). However, it is difficult to isolate the effects of a single
factor, such as dietary change, from other factors that can be involved in the aetiology of
such conditions as cancer and cardiovascular disease. There have been significant
decreases in the rates of cardiovascular disease and certain cancers in Finland since 1985,
but with no controls for comparison, this cannot be ascribed to Se alone (Mussalo-
Rauhamaa et al, 1993; Varo et al, 1994). Cardiovascular disease mortality has declined in
Finland by 55% for men and 68% for women between 1972 and 1992. As well as the
trebling of the Se intake in the latter eight years of this period, fruit and vegetable
consumption increased 2.5-fold and there was a decline in smoking by men (Pietinen et al,

1996).

Sodium selenate is the Se form generally used for crop and pasture fertilisation: it is
weakly adsorbed on soil colloids and can bring about a rapid increase in plant Se level
(Gupta & Watkinson, 1985). The enhancement of wheat Se level by fertiliser shall be

discussed in more detail below.
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1.4.6. Plant breeding for enhanced selenium accumulation

Breeding for improved Se uptake and/or retention by plants may be an effective,
sustainable strategy. Preliminary studies have found a 15-fold variation in Se-
accumulating ability among brassica vegetables (Combs, 2001), and a Se-accumulating
soybean cultivar has been identified (Wei, 1996). Substantial variability exists within
cereal crop varieties for zinc, iron and other nutrients (Graham et al, 1999). Micronutrient
efficiency in this context refers to a genotype or phenotype that is better adapted to, or
yields more in, a micronutrient-deficient soil than can an average cultivar of the species
(Graham, 1984). Virtually all micronutrient efficiency traits studied to date are due to
greater ability to extract the micronutrient from the soil rather than the plant’s ability to
live on less of the micronutrient (Graham & Welch, 1996). These findings suggest that it
should be possible to breed cultivars with enhanced Se uptake and/or retention, or to use

genetic engineering to enhance Se levels (and even specific Se metabolites) in food crops.

In summary, each of these strategies could contribute to enhanced delivery of Se to human
populations through their food systems. As described by Welch & Graham (1999), a food
systems paradigm encompasses an agriculture that aims not only at productivity and
sustainability, but also at improved nutrition. In Australia, a program which combines
selection for enhanced grain Se level in wheat; strategic ferrtilisation of wheat, barley,
soybeans and broccoli; education to encourage greater consumption of these higher-Se
foods; increased supplementation of livestock grazing acid soils in high rainfall areas, and
education and targeted supplementation of high-risk individuals, would be likely to
significantly improve population health, with a consequent significant reduction in health

costs.

1.5. Wheat: an important selenium source for humans

Surveys indicate that wheat is the most efficient Se accumulator of the common cereal
crops (wheat, rice, maize, barley, oats) and it is one of the most important Se sources for
humans. Bread, for example, is the second most important source of Se in the US
(Schubert et al, 1987), and has been found to supply one-third of the daily Se intake of
Australian children (Barrett et al, 1989). With the addition of selenium supplied through
breakfast cereals, cake and biscuits, and in view of its high bioavailability, wheat-Se

probably supplies around half the Se utilised by Australians. In a Russian survey, serum
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Se level was found to be highly correlated (r = 0.79) with selenium level in wheat flour

(Golubkina & Alfthan, 1999).

1.5.1. Selenium concentrations in wheat grain

1.5.1.1. The global view

There is wide variation in wheat grain Se level between and within countries. Published
values range from 0.001 mg/kg in south-west Western Australia (White et al, 1981) to 30
mg/kg in highly seleniferous areas of South Dakota (University of California, 1988), but
most of the world’s wheat falls within the 0.020-0.600 mg/kg range (Alfthan & Neve,
1996). Canada and the US have relatively high levels, usually in the 0.2-0.6 mg/kg range
(Reilly, 1996). New Zealand and Eastern Europe generally have low levels, for example
the 0.028 mg/kg average found by Mihailovic et al (1996) for Serbia.

Some countries, including China (with a range of 0.01-0.23 mg/kg (Alfthan & Neve,
1996)), Canada and the US, have highly variable wheat Se levels, even within states. Se
concentrations in wheat grain from 12 locations in Manitoba, Canada in 1986-88 ranged
from 0.06-3.06 mg/kg, and levels varied between years within a location (Boila et al,
1993). A US survey, also in 1986-88, analysed major brands of white bread in nine
different geographical regions. The overall range was 0.06-0.74 mg/kg, while a single
brand of bread collected from different bakeries in Boston alone had a range of 0.24-0.92

mg/kg (CV 41%), with a mean of 0.60 mg/kg (Holden et al, 1991).

1.5.1.2. Selenium in Australian wheat

Just four surveys of Se concentrations in Australian wheat have been identified, from
Queensland, Western Australia, South Australia, and wheat imported into New Zealand
from South Australia and New South Wales. The Queensland study (Noble & Barry,
1982) found a mean value for wheat grain Se of 0.150 mg/kg (range 0.020-0.800) for
wheat grown between 1974 and 1978. Similar levels were found for sorghum and

soybean.

Se levels varied widely between the south-east Darling Downs site (mean 0.040 mg/kg,

range 0.020-0.080) on Tertiary volcanic soils and that at Biloela (mean 0.360, range
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0.230-0.770), where Tertiary sediments predominate. Site differences accounted for a 40~

fold difference between wheat Se values, and a 110-fold difference for sorghum. There
was no significant difference between the Se concentrations of wheat and barley from the
south-east Darling Downs, but sorghum at Biloela accumulated twice as much Se as

wheat.

Four wheat cultivars were grown at six Darling Downs sites: two-way analysis of variance
indicated no significant difference in Se concentrations between cultivars at each site.
There is no mention of within-cultivar variation within sites, so it is unlikely that replicate
samples were analysed. These findings suggest that environmental influences

predominate over genetic variation in determining Se level in wheat.

The study also found, for 25 sites, a statistically significant negative correlation (r = -0.41)
between rainfall and wheat Se level. This supports the findings of Miltmore et al (1975)
for oats and grass in British Columbia, Canada, and those of White et al (1981) for wheat
in Western Australia, and may be due to a dilution effect. A European study, which
included high nitrogen applications and hence high grain protein levels, found the opposite

(Johnsson, 1991).

Very low Se concentrations were found in wheat surveyed in south-west Western
Australia in 1975: mean Se concentration in grain was 0.023 mg/kg (standard error 0.006),
with a range of 0.001-0.117 mg/kg (White et al, 1981). The figure of 0.001 mg/kg is the
lowest level reported globally for Se in wheat. The lowest levels were found on soils
derived from Archaean granite, which are also known for a high prevalence of white

muscle disease in lambs (Godwin, 1975).

Watkinson (1981) compared Se concentrations in New Zealand-grown wheat with wheat
imported from Australia, grown in 1978 and 1979. The Australian wheats were higher in
Se (mean 0.123 mg/kg, SD +/-0.026, range 0.043-0.224) than the NZ wheats (0.028, +/-
0.010, 0.011-0.086), with South Australian wheats (0.154,+/-0.030, 0.100-0.224) higher
than New South Wales wheats (0.091,+/-0.022, 0.043-0.130).

The South Australian study (Babidge, 1990) used pooled wheat and barley samples from
107 and 100 silos, respectively, across the state in the 1981 season for wheat and the 1981

and 1982 seasons for barley. The results were not corrected for moisture content and were
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found to be not normally distributed, so median values were reported rather than means.
There were significant differences (p<.001) between regions: for example, the Upper Eyre
Peninsula region had a wheat Se median value of 0.229 mg/kg (range 0.120-0.316),
compared to the South East with 0.118 (0.047-0.240). Between these were the
Murraylands (0.197), Lower Eyre Peninsula (0.142) and Central region (0.142). Wheat
and barley showed the same regional trends, but wheat levels were around 30% higher. Se
levels in barley in 1982 were not significantly different from those of 1981 apart from in
the South East region.

The findings of these four studies (means of 0.150 (Qld), 0.023 WA), 0.150 (SA), 0.091
(NSW), and SA median of 0.170), together with the findings of the human blood surveys
discussed above, suggest that Australian wheat grain Se concentrations are moderate on a
global scale, probably on average just below the mean; they are well above most New
Zealand and Eastern European levels, but generally lower than those of Canada and the
US. However, the South Australian study provides the most recent data, and it is now 23
years old. Clearly, more surveys are required to provide data on current Se concentrations

in Australian wheat.

RESEARCH QUESTION 2: What are the grain Se concentrations in a
sample of wheats grown recently on a range of soil types in South

Australia?

1.5.2. High bioavailability of wheat-selenium

In human nutrition terms, bioavailability can be defined as the amount of a nutrient in a
meal that is absorbable and utilisable by the person eating the meal (Van Campen &
Glahn, 1999). In general, organic selenium (e.g. selenomethionine, selenocysteine) is
absorbed more efficiently than inorganic forms, with uptake from the gastrointestinal tract

of around 90% for selenomethionine compared with 60% for selenite (Stewart et al, 1987).

However, the assessment of bioavailability of food micronutrients in general (Graham et
al, 2001; House, 1999) and different forms of dietary Se is not straightforward (Reilly,
1996). Several measures can be used to determine bioavailability and they are subject to a

range of variables. If tissue retention is used as a measure, naturally occurring food Se is
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by far the most available form of the element, although there are significant differences
between different types of food.

It is apparent that Se is more bioavailable from plant forms than from animal foodstuffs
(Combs, 1988; Young et al, 1982), and wheat Se is one of the most bioavailable forms
(Hakkarainen, 1993; Jaakkola et al, 1983; Laws et al, 1986). In a study on chicks, using
glutathione peroxidase activity and prevention of exudative diathesis as measures of
bioavailability, and using selenite as the reference at 100%, the bioavailabilities of Se in
different foods were: wheat 83-100%, barley 78-85%, oats 41-45%, fishmeal 64-80%, and
meatmeal 22-30%. With changes in selenium levels in whole blood as the measure,
results were wheat 123%, barley 104%, oats 99%, fishmeal 107% and meatmeal 69%.
Measurement of Se buildup in cardiac muscle gave: wheat 108%, barley 87%, oats 60%,
fishmeal 100% and meatmeal 42% (Hakkarainen, 1993). In a feed experiment with
chickens on an initially Se-deficient diet, birds supplied with Se in the form of baked
bread had double the percent survival (72% v 38%) of birds with a fish Se source (Laws et
al, 1986).

Selenomethionine, the form in which Se mainly occurs in cereals (Olson et al, 1970),
beans, mushrooms and yeast (Reilly, 1996) is initially incorporated into tissue proteins
after absorption. After further metabolism to selenide and selenocysteine, this tissue-
stored selenomethionine is used for the synthesis of glutathione peroxidase (Levander &
Burk, 1990). Selenite and selenocysteine, on the other hand, are used directly for the

synthesis of glutathione peroxidase (Deagen et al, 1987).

The importance of imported North American wheat as a former Se source for the British
population was noted above, and is reinforced by a Scottish study which found that the Se
content of wheat harvested in 1989 which was used for breadmaking in Scotland ranged
from 0.028 mg/kg for home-grown wheat to 0.518 for Canadian wheat, and was
significantly correlated (p<0.001) with protein content (Barclay & MacPherson, 1992).
The importance of this Se source is further illustrated by Norway’s population which,
despite a modest total Se intake, has the highest serum Sc level in Europe at 120 pg/L.
The probable explanation is that their major selenium source is North American wheat.
Meltzer et al (1992) demonstrated the high bioavailability of wheat-Se by feeding trial
participants Se-rich bread providing 100, 200 or 300 ug of Se daily for six weeks. Serum
selenium increased in a dose-response manner by 20, 37 and 53 pg/L, respectively, in the

three groups (p<0.001).
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Wheat enriched with Se by foliar application was found to be highly effective in raising
plasma Se (53% increase after 6 weeks) in a Serbian study. Glutathione peroxidase
activity in blood increased and oxidative stress parameters decreased (Djujic et al, 2000a).
A follow-up study found that Se-enriched wheat increased levels of copper, iron and zinc

in erythrocytes, compared to individuals consuming low-Se wheat (Djujic et al, 2000b).

In trials with high-Se broccoli, using a rat model, Finley & Davis (2001) found that Se
bioavailability was not related to its efficacy in colon cancer prevention; however, wheat-
Se (which is largely in the form of selenomethionine) was effective as a colon cancer
preventive, whereas pure selenomethionine was not. The authors concluded that it is
necessary to study Se in food forms, rather than to generalise from studies using pure
chemical forms. Further studies are required to determine the relative anti-cancer effects

of wheat phytate and wheat-Se.

1.5.3. Effects of post-harvest processing and cooking on selenium

1.5.3.1. Milling

It is well known that wheat milled to white flour loses nutrients (Burk & Solomons, 1985),
and there is evidence that processing, at both industrial and domestic levels, influences Se
levels in food (Bratakos et al, 1988; Reilly, 1996). Several studies report a reduction in
“content” of Se in white flour compared with whole grain or wholewheat flour, but
actually report reductions in Se concentration, ranging from 4-47%, with a mean around
27% (Ahmad et al, 1994; Burk & Solomons, 1985; Korkman, 1980; Robberecht et al,
1990). This compares with a decrease in concentration from whole wheat to white flour
for Zn, Fe and K in the range 41-80% (Ahmad et al, 1994; Lorenz et al, 1980; Toepfer et
al, 1972). A study which investigated Se content as well as concentration found that
wheat flour (which comprised 73% of the grain) contained 63% of the grain’s total Se
(Ferretti & Levander, 1974).

These results suggest that Se, like S, is more evenly distributed throughout the wheat
grain, with a higher proportion stored in the endosperm than is the case for other
nutritional elements. This is not unexpected, as both Se and S are mostly protein-bound.

However, there is a need for further studies that examine how much Se is stored in the



31

different components of the grain and what are the actual losses of Se and other nutrients
in milling to white flour. The cited studies merely compare Se concentrations in the

different grain fractions after milling.

RESEARCH QUESTION 3: In what proportions is selenium stored in

the different fractions of the wheat grain?

1.5.3.2. Cooking

Studies of the effects of different cooking methods on Se content of foods have produced
varying results. Some have found that usual cooking procedures did not result in Se losses
for most foods (Dudek et al, 1989; Ferretti & Levander, 1974; Thomson & Robinson,
1990), whereas a Greek study of the effects of frying, grilling, boiling or canning found
that all foods lost some Se. Whole grain cereals (wheat, rye and corn) lost, on average,
25% of their Se after two hours’ boiling in water, while spaghetti lost 5% Se after 45
minutes’ boiling. This compares with mushrooms, which lost 85% of Se after frying in oil

at 207°C for 20 minutes (Bratakos et al, 1988).

Baking studies have also yielded equivocal findings: some found Se losses of around 15%
(Higgs et al, 1972; Olson & Palmer, 1984), while others reported no losses (Arthur, 1972;
Morris & Levander, 1970). A study of the effects of various commercial thermal
processes found no effect on Se concentration in whole grain wheat from steam flaking,
autoclaving or popping. Se concentration in white flour was unaffected by extrusion

cooking, but drum-drying decreased it by 23% (Hakansson et al, 1987).

Even if there is some loss of Se due to cooking or baking, this may be compensated by an
increase in bioavailability. In a feeding trial of chickens on an initially Se-deficient diet,
those chickens which were supplied with Se from baked bread had a 26% higher survival

rate than those with a raw bread source (Laws et al, 1986).

As this thesis examines Se in wheat as an important source for humans, it would be
worthwhile to know what losses of the element (if any) are incurred along the processing

chain, especially for bread, one of the most important dietary Se providers for Australians.



32
RESEARCH QUESTION 4: What effects do post-harvest

processing and cooking have on grain selenium content?

1.6. Strategies to increase selenium in wheat

1.6.1. Introduction

The evidence discussed above indicates that, in many countries, an increase in Se
concentration in wheat is the most effective and efficient way to increase the Se intake of
the human population, with consequent likely improvement in public health, and also to

reverse the trend of declining Se levels in food systems.

It is clear that Se fertilisation of wheat is an effective means to increase grain Se
concentration (Combs, 2001; Gupta & Gupta, 2000), and this shall be discussed below.
Australia exports around 68% of its annual wheat production to over 40 countries (AWB,
2002), so a significant increase in the mean Se level of its wheat would be expected to
improve population health in those countries where mostly Australian wheat is consumed,
such as Iraq, Iran, Egypt, Indonesia, Japan and South Korea. The most sustainable, cost-
effective approach, particularly in developing countries, may be to breed wheat cultivars

which are better at accumulating grain Se, and this shall also be discussed.

Education is also important to encourage people to consume appropriate amounts and
proportions of different classes of healthy foods, including whole grain cereal products..
However, in developing countries those people who are most at risk of nutrient
deficiencies (frequently women and children) often rely on one staple food, e.g. wheat,
rice, cassava or maize, for most of their energy and nutrient requirements, and they lack
the money to improve their diet. Hence the high prevalence of iron, zinc, vitamin A,
jodine and Se deficiencies, and the high incidence and prevalence of infectious diseases in

these countries (Graham & Welch, 1996; Graham et al, 2001).
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1.6.2. Selenium fertilisation

1.6.2.1. Se form; method, timing and rate of application

To overcome the low Se levels in food crops in certain areas, different methods of Se
fertilisation have been investigated for more than 30 years. Of particular interest are the
experiments of Ylaranta and Gissel-Nielsen & Gupta in Finland, Denmark and Canada. It
appears to be a relatively inexpensive way to increase Se intake by humans, and also
effective, especially in view of the finding of Mutanen et al (1987) that the bioavailability
(calculated as the mean of four criteria) of wheat-Se was higher for Se-fertilised (both soil-

applied and foliar) wheat than for American wheat which was naturally high in selenium.

The Finland Se program was discussed above. The selenium level in all domestic cereal
grains in Finland pre-1984 was 0.01 mg/kg or less; now spring wheats typically contain
around 0.25 mg/kg, and for the less-fertilised winter wheat, 0.05 mg/kg (Eurola et al,
1990). Current application rates vary from 5-10 g selenate/ha, and the practice appears to
be safe. Concern that continuing use of Se-amended fertilisers might eventually lead to
accumulation of toxic levels in the environment appears to be unfounded (Oldfield, 1999;
Vuori et al, 1994). ). The bioavailability of residual Se is lowered by the reducing action
of micro-organisms in the soil and rumen. Furthermore, in New Zealand, where Se
fertilisation has been practised for over 30 years, no such build-up has occurred, and

positive responses continue to be obtained from Se addition (Oldfield, 1999).

Most studies have shown selenate, whether applied to the soil or as a foliar fertiliser, to be
much more effective than selenite (Gissel-Nielsen 1981a, 2001; Gupta et al, 1993; Shand
et al, 1992; Singh, 1991, Ylaranta 1983a,b, 1984a). For example, a grain Se content of
100-200 micrograms (pg)/kg in barley was obtained by applying 10-20 g/ha of selenate,
but over 100 g/ha of selenite was required to reach this level (Ylaranta, 1983b). On a fine
sandy loam of pH 6.0, 10g selenate/ha applied to the soil raised barley grain from 33
pg/kg (control) to 234 ug/kg, while 10 g/ha selenite caused no increase (Gupta et al,
1993). Foliar selenate was found to be more effective than basal selenite by Gupta &
McLeod (1994). In many soils, selenite is readily adsorbed on clay colloids and becomes

unavailable to plants.
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The relative effectiveness of soil or foliar application of Se depends on Se form, soil
characteristics, method of basal application, and time of foliar application. Ylaranta
(1983b) found basal and foliar selenate to be equally effective at the low (10 g/ha) rate,
foliar better at 50 g/ha, and both equal at the very high rate of 500 g/ha. In further trials,
foliar selenate applied at the 3-4 leaf stage was found to be more effective than basal
application on clay soil, pH 6.3, of similar effectiveness on high-humus fine sandy soil,
pH 4.6, and slightly less effective than basal fertiliser on a fine sandy soil, pH 5.0. Ten
g/ha selenate, using a wetting agent, raised wheat grain Se level from 16 to 168 pg/kg on
the clay soil, while 9g basally applied raised it to just 77 pg/kg. Overall, foliar application
was the more effective method, except where growth was poor due to low rainfall
(Ylaranta, 1984a). This suggests that, for most of Australia’s wheatgrowing areas, basal
application may be preferable, especially where foliar nitrogen (to which selenium could

be added) to boost growth or protein is not used.

It is clear that foliar Se is more effective if applied at more advanced stages of growth.
Ylaranta (1984b) found that selenate was twice as effective and selenite 12 times as
effective if applied at Feekes stage 9-10 rather than stage 2.5-3. At the earlier stage,
selenite was only 20% as effective as selenate, whereas at the later stage (end of stem
extension) their effects were equal. This finding was similar to that of Gissel-Nielsen
(1981a). Selenate spray which falls on the ground can be leached to the roots and taken
up, whereas selenite is generally adsorbed. The effectiveness of foliar-applied Se can be
enhanced by the use of surfactants (wetting agents) by 12-16% for selenate (Ylaranta,
1984a) and more for selenite: 13-40% (Ylaranta, 1984a) or up to 100% (Gissel-Nielsen,
1981a,b).

Factors apart from soil type which can influence the effectiveness of basal Se fertiliser
include the form of NPK fertiliser used and the method of placement. Selenate was found
to be more effective when added to a chloride-based NPK fertiliser, to avoid the ionic
competition from sulphate ions in a sulphate-based NPK fertiliser (Singh, 1991). In
Finland, the current levels of Se in spring wheat are partly due to the practice of placing
the fertiliser between every second row of seeds at 8 cm depth so nutrients are readily

accessible to the roots of the young wheat plants (Ylaranta, 1984b).

Seed coated with either selenite or selenate has also been used as a means of supplying Se

to crops. Selenite has not been effective, but selenate-coated seed can provide similar
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results to basal fertiliser at the same rate (Ylaranta 1983b, 1984a). However, accurate
seed treatment with concentrated, toxic solutions of Se salts can be difficult, and seed

treatment is not recommended (Ylaranta, 1984a).

The residual effect of Se treatments was found to be low to negligible in the following
year, even when it had been applied at the high rate of 500 g/ha (Gissel-Nielsen, 2001;
Singh, 1991; Ylaranta 1983b, 1984a). Hence it is clear that Se needs to be applied

annually.

Gissel-Nielsen (1987) conducted a glasshouse trial to test whether different Se treatments
(selenite or selenate as foliar or basal fertilisers at 5 g/ha equivalent) affected the
speciation of Se in barley and ryegrass. It was found that even with a ten-fold variation in
the total Se content of the plants there was little difference in the distribution of the
fractions of selenate, selenite, selenoaminoacids and protein-bound Se in grain and leaves,
under different treatments. These results, which were similar to the findings for Zea mays
(Gissel-Nielsen, 1979), suggest that the distribution of Se among the different Se fractions
of the plants cannot be changed significantly by application method or Se form.

What rates of selenate should be used to increase wheat grain Se concentration? Ylaranta
(1984a) found that at least 12 g is required (as basal or foliar) to achieve a grain
concentration of 300 ug/kg of Se. Using a higher rate (mean 25 g/ha, range 20-33), the
same researcher raised Se levels in spring wheat from a base level of 13 ug/kg (7-25) to
700 (650-750) pg/kg. Similarly, selenate added as basal fertiliser at 10 g/ha raised the Se
level in barley and oat grain from 33 to 500 pg/kg. It was even more effective in
soybeans, increasing levels from 30 to 1,930 pg/kg (basal) and 3,005 pg/kg (foliar) (Gupta
& MacLeod, 1994).

Gissel-Nielsen, in his 2001 review, concludes that the following are likely to be effective
annual treatments for biofortifying annual crops for human or animal consumption: foliar
application of 5 g/ha as selenite or selenate, soil fertilisation using 10 g/ha as selenate or

120 g/ha as selenite, or 10 g/ha as seed treatment (Gissel-Nielsen, 2001).

The question arises as to what is an appropriate target level for selenium in wheat grain.
From the foregoing studies it is evident that 10 g/ha of selenate (which is currently the

maximum allowable application rate for Australia) can raise wheat crops from 30-100 to
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300-500 pg/kg of grain Se. Is this as high as required? It could be considered a minimum

target level in view of the estimated 300 pg Se level of a loaf of wholemeal bread made
from this wheat. The consumption of this bread over a week would significantly increase

an individual’s Se intake.

There are no published studies of Se fertilisation of wheat in Australia. Conditions here
are very different to those in Europe, where most studies have been conducted. For
example, Professor Gissel-Nielsen recommends that foliar Se be applied, for maximum
effect, “as late as possible, while the leaves are still green” (G. Gissel-Nielsen, pers.
comm. 16/7/2001); however, in Australia there is likely to be considerable leaf loss from
the mid-milky stage onwards, so that may represent the latest stage for effective foliar Se

application.

RESEARCH QUESTION 6: What is the most effective fertilisation
method to increase wheat grain selenium density on South Australian

soils of varying pH?

1.6.2.2. Effect of plant nutrients on Se uptake

As noted above in Section 2.1.3 the literature reveals that soil sulphate level is an
important determinant of Se uptake and transport in plants, with nitrogen and phosphorus

playing less important roles. Each shall now be discussed briefly.

Sulphur

Studies of crop and pasture plants show that increasing soil sulphur level decreases Se
uptake and transport (Hopper & Parker, 1999; Murphy & Quirke, 1997; Pezzarossa et al,
1999; Pratley & McFarlane, 1974; Schubert, 1961; Ylaranta, 1990). The effect can be
strong: a ten-fold increase in sulphate decreased Se concentration and content by more
than 90% in perennial ryegrass and strawberry clover (Hopper & Parker, 1999), and where
pasture yields responded to sulphur topdressing, the selenium concentration in the
legumes present was reduced by up to 50% (Pratley & McFarlane, 1974). This effect is
most obvious late in the season (Murphy & Quirke, 1997) and can be partly explained by a
dilution effect caused by a growth response of the plant to the applied sulphur. The use of
gypsum (calcium sulphate) in Oregon increased the incidence and severity of white

muscle disease (Schubert et al, 1961).



37

The reduction in plant Se level due to increased sulphur supply is largely due to
competitive inhibition, as sulphate and selenate use the same transporter (Lauchli, 1993;
Pezzarossa et al, 1999; Terry et al, 2000). This effect is not limited to selenate, however.
Zayed et al (1998), using broccoli, Indian mustard, sugarbeet and rice, found that
increasing sulphate in culture solution from 0.25 mM to 10 mM inhibited selenite and
selenomethionine uptake by 33% and 15-25%, respectively. Moreover, selenate uptake
was reduced by 90%. This suggests that other mechanisms are involved in the inhibition

of Se uptake by sulphur.

Nitrogen

In a survey of UK wheat and bread, Se level was found to be positively associated with
protein level (Barclay & MacPherson, 1992), and soft wheats were found to contain less
Se (0.02-0.13 mg/kg) than hard wheats (0.05-1.09 mg/kg), probably because of the lower
protein level of soft wheats (Lorenz, 1978). Research on nitrogen and Se interaction is
limited, but Gissel-Nielsen (1979) found that a high nitrogen level strongly increased the
Se concentration in Zea mays roots exposed to selenite, but decreased translocation, and
increased the proportion of selenoamino acids in xylem sap. A pasture trial found that a
high nitrogen application (320 kg/ha/year) increased total Se uptake at the first harvest by
a factor of four, but had little effect on plant Se concentration (Shand et al, 1992).

Phosphorus

There have been conflicting results reported on the effect of phosphorus application on Se
uptake by plants (Elrashidi et al, 1989; He et al, 1994). The use of superphosphate tends
to increase plant Se levels as it is a source of Se (Robbins & Carter, 1970), and
phosphorus itself can increase the uptake of both natural and added Se by lucerne (Carter
et al, 1972). The mechanism appears to involve decreased selenite sorption: soil colloids
like iron oxides exhibit greater affinity to phosphorus than to selenite. The phosphorus is
preferentially sorbed and the selenite is forced to sorb on sites with less binding-energy
(He et al, 1994). Thus phosphorus can increase soil Se loss through leaching (Ylaranta,
1991).

Ylaranta (1990) found that despite addition of a high level of phosphorus to three soil
types in pots, the effect on the Se uptake by ryegrass was small in all soils. He concluded

that it was unlikely that phosphorus could play an important role in the uptake of Se by
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crops, at least in Finland. This is likely to be the case elsewhere as well, as a similar result

occurred with Ttalian ryegrass in France (More & Coppenet, 1980).

The evidence for the influence of sulphur on the uptake of Se by plants is conclusive, but
the effect of other fertiliser components such as nitrogen and phosphorus is poorly
understood because of the complexity of the processes involved and the lack of extensive
research. In view of the finding that grain Se concentration may be associated with
protein content, it is proposed that the effect of varying levels of added sulphur and
nitrogen on grain Se concentration be investigated. It would be useful to know what

levels of sulphur and nitrogen to apply in order to maximise grain Se concentration.

RESEARCH QUESTION 7: Do different combinations of sulphur and
nitrogen applied at commercial rates affect wheat grain selenium

density?

1.6.2.3. Se toxicity to wheat: effects on germination and early growth

At the Se levels used for fertilisation of wheat in the field (5-100 g/ha) it is unlikely that
there would be any toxic effects, including growth inhibition. There have been few

studies conducted, however, and some results are conflicting.

Toxic plant tissue levels of Se are generally above 5 mg/kg (Reilly, 1996), but among
agricultural crops the phytotoxicity of selenium is variable. Mikkelson et al (1988) found
that Se concentrations that caused a 10% yield reduction varied between species from 2
mg/kg DW for rice to 330 mg/kg DW for white clover. Bollard (1983) noted that tobacco
and soybeans are Se-sensitive, and can be affected by concentrations as low as 1.0 mg/kg

Se in culture media.

Of all plant species tested by Carlson et al (1989) in a three-day trial, wheat was the least
sensitive to Se, with no effect on germination up to 32 mg Se/L of culture solution, as
selenite or selenate. Other researchers have found that high (46-253 mg Se/L as selenite)
concentrations were required to reduce seed germination in some species (Levine, 1925;
Lintschinger et al, 2000; Spencer & Siegel, 1978). In a preliminary five-day study,
Lintschinger et al (2000) found that a solution containing 50 mg/L of selenate did not

affect germination capacity in wheat, and the early growth of wheat and lucerne was
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slightly reduced. Growth inhibition was also found by Carlson et al: Se reduced radicle

length, starting at 2 mg/I.. Selenite had a larger inhibitory effect than selenate above 4
mg/L, a finding supported by Smith & Watkinson (1984), with growth of selenate-treated

plants remaining at 85% of controls even up to 25 mg Se/L.

Se toxicity in wheat is evident by leaves turning yellow and the midrib becoming white
and chlorotic; there may also be pinkish spots on the roots (Fiskesjo, 1979). Se toxicity
can be reduced by increased levels of sulphate or phosphate in the soil or culture solution

and increased sulphur in the tissues (Bollard, 1983).

There appears to be several mechanisms for Se toxicity in plants. Incorporation of
selenocysteine into protein instead of cysteine could alter disulphide bridge formation,
which affects protein activity (Brown & Shrift, 1982). The chlorosis induced by excess Se
may be due to inhibition of porphobilinogen synthetase, an enzyme required for
chlorophyll biosynthesis (Padmaja et al, 1989). Both selenate and selenite inhibit the
reduction of nitrate in leaves (Aslam et al, 1990), and sclenate may inhibit glutathione
biosynthesis (De Kok & Kuiper, 1986). More recently, it has been found that, while Se
acts as an antioxidant and inhibits lipid peroxidation at low concentrations, it has the
opposite effect at higher concentrations and can increase lipid peroxidation products

(Hartikainen et al, 2000).
Although it is unlikely that toxic effects would occur at the levels of selenate applied to
raise grain Se concentration to, say, 1 mg/kg, we need to be sure that yield is not reduced.

It is apparent from conflicting reports that further studies are required to clarify the

threshold of toxicity of Se for early growth in wheat.

RESEARCH QUESTION 8: At what higher levels of applied selenium

do reduction in wheat germination and growth occur?

1.6.3. Wheat breeding to increase grain selenium density

1.6.3.1. The extent of human micronutrient malnourishment

Around half of the world’s population is malnourished. More than two billion people

consume diets that are less diverse than 30 years ago, leading to deficiencies in
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micronutrients, especially iron, zinc, iodine and selenium, and also vitamin A. In some
regions almost everyone suffers from some form of “hidden hunger”. In South-East Asia,
for example, it is estimated that iron deficiency affects 98.2% (around 1.4 billion) of the

people (Graham et al, 2001).

Cereals are generally low in micronutrients compared to other food crops, thus cereal-
dominated food systems are low in micronutrients. The people most at risk are resource-
poor women, infants and children. These authors conclude that a new agricultural
paradigm is needed to address global micronutrient malnutrition: “...an agriculture which
aims not only for productivity and sustainability, but also for balanced nutrition, or what
we have called the productive, sustainable, nutritious food systems paradigm” (Graham et

al, 2001, 91).

1.6.3.2. Breeding for higher nutrient density in staple crops

Programs which include fortification, education and supplementation have been successful
in countering micronutrient deficiencies in certain cases and will continue to play a role.
However, they tend to be expensive, require ongoing inputs and often fail to reach all
individuals at risk. Furthermore, such programs themselves are at risk from economical,

political and logistical impacts (Gibson, 1994; Graham & Welch, 1996).

On the other hand, a strategy of breeding staple crops with enhanced ability to fortify
themselves with micronutrients offers a sustainable, cost-effective alternative, which is
more likely to reach those most in need and has the added advantage of requiring no
change in current consumer behaviour to be effective. It represents a strategy of “tailoring
the plant to fit the soil” rather than the opposite, which is afforded by the soil fertilisation
approach (Bouis, 1996; Graham et al, 2001).

Exploiting the genetic variation in crop plants for micronutrient density is likely to be an
effective method to improve the nutrition of entire populations. A four- to five-fold
variation was found between the lowest and highest grain iron and zinc concentrations
among wheat accessions studied at CIMMYT, and the highest concentrations were double
those of popular modem varieties (Graham et al, 2001). Moreover, wild, small-seeded
relatives of modern bread wheats have been found with 50% more iron and zinc than the

highest CIMMYT germplasm studied (Ortiz-Monasterio, 1998). If, for example, a wheat
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variety were identified which was both high yielding and produced twice the grain Se

density of most other varieties, it could result in a significant increase in a population’s Se

intake.

Substantial genetic variation has also been found among rice varieties for iron and zinc
density, maize for beta-carotene, and cassava for protein, iron, zinc, calcium, beta-
carotene and vitamin C (Graham et al, 2001). An overall average genetic variation in
micronutrient density in seeds of food staple crops is probably around a factor of three

(Bouis, 1996).

The micronutrient density of wheat and other food crops is important not only for human
nutrition but also for animal nutrition and seedling growth, especially in deficient soils.
Well-nourished seedlings are more likely to survive, grow faster and resist disease better,
leading to higher yield (Genc et al, 2000; Longnecker et al, 1991; Rengel & Graham,
1995; Yilmaz et al, 1997).

Graham et al (2001) and Bouis (1996) emphasise the importance of combining nutrient
density traits with high yield. There is unlikely to be a premium paid for a higher quality
product (unless for protein), so new, high-nutrient varieties must also be attractive to
farmers in terms of yield. In all the crops examined so far, it is possible to combine high
micronutrient density with high yield. This is not the case for sulphur-amino acid and
yield, and as Se density may be associated with grain sulphur-amino acid concentration, it
may be difficult to identify and breed high-yielding, high-Se varieties. The above authors
also note that another key issue in plant breeding for micronutrient density is
bioavailability: will the added nutrients be sufficient to have a significant effect on human

nutrient status? As discussed above, Se in wheat is highly bioavailable.

A benefit-cost analysis of a breeding approach to increase wheat grain zinc density in
Turkey, using very conservative assumptions and current dollar values, estimated that
costs of $13 million would produce benefits of $274 million (economic only, with no
account taken of improved health and quality of life), a favourable benefit-cost ratio of 21
(Graham et al, 2001). In contrast, fortification requires yearly funding, and if the

investment is not sustained, the benefits cease.
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1.6.3.3. Screening and selection; the importance of genotype-environment interaction

In the screening phase of a breeding program, genotype-environment interaction needs to
be relatively low for a breeding approach to be viable. Field trials where different
genotypes are grown at the same site in the same season should enable comparison of
genotypes. Ideally, trials should be conducted for two years at the same site, as different
grain nutrient levels of genotypes grown on different soils can even be reflected in the
first-year grain harvested.  Furthermore, the variability in soil availability for
micronutrients is generally much greater than that for macronutrients (Graham, 1991),
hence field trials need to be of limited area to reduce spatial variability; paired-plots,
where each replicate comprises an adjacent treatment and control plot, can be a useful

technique.

A major gene together with several minor additive genes are likely to control the uptake of
nutrients into crop plants, and another group of genes, also featuring a major gene, appear
to control grain loading (Epstein, 1972; Graham, 1984; Ripperger & Schreiber, 1982). It
has been found in Excalibur wheat, for example, that high zinc concentration in grain and
zinc efficiency are not strongly associated. Although Excalibur had the highest and
second-highest zinc contents in grain (in grams/ha) for the high zinc and zero zinc
treatments, respectively, its grain zinc concentration (in mg/kg) was among the lowest
evaluated, diluted by high starch. Ideally, genes for such efficiency should be combined
with those for enhanced grain loading (Graham et al, 1997).

The same principle would also apply to Se. In selecting for grain Se density, both high
uptake from the soil and high capacity to translocate Se from the vegetative tissues to the
grain are required. However, as discussed above, Se is not known to be essential for
plants, hence agronomic efficiency may mnot be involved. Nevertheless,
physiological/biochemical efficiency is likely to be important, involving efficiency of Se
metabolism within the plant. This may be due to a higher concentration of the
endogenous chelator of Se in the phloem that increases Se transport to the inflorescence,
or to more transporters at the plasma membrane at unloading or uptake into the grain itself

(Dr. J. Stangoulis, Adelaide University, pers. comm. 10/1/2002).

Studies of rye addition and translocation lines (which include extra chromosome pairs and

chromosome arm substitutions, respectively) have shown that zinc, copper and manganese
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efficiency are not linked (Graham et al, 1981), which indicates that independent, specific

genes are involved. Zinc efficiency traits appear to be additive, and the genes involved
can be “pyramided” in bread wheat to breed improved cultivars, a process which can be

greatly accelerated by the use of doubled haploid populations (Grewal et al, 1997).

Gene technology, including the use of molecular markers (cDNAs, RFLPs, AFLPs and
RAPDs) for the mRNAs expressed by efficiency and grain loading genes, provides an
alternative to conventional plant breeding as a means to enhance micronutrient density in
cereals (Graham et al, 1997). The introduction, for example, of a gene which facilitates
expression of the permease sulphate transporter would be likely to increase uptake and
transport of selenate, although this would not be effective on acid soils where Se exists in

other, less available forms.

Surveys of Se level in grains have suggested that environment may be more important
than genotype in determining grain Se density. The Queensland study of Noble & Barry
(1982) discussed above found differences in Se concentration in wheat of up to 100-fold at
different sites, but little difference between wheat varieties. The maximum variation for
both species and varieties at any site was five-fold. A Japanese study found that Se levels
in rice grown in different parts of the country varied from 11 to 182 pg/kg. A significant
difference was found between levels in rice from different districts, but not between

different rice varieties grown on the same soil (Yoshida & Yasumoto, 1987).

Genotype differences are apparent, however, in a study of Se in hulled (spelt and emmer
accessions) and modern bread and durum wheats, grown together. The hulled wheats had
higher concentrations of Se, lithium, magnesium, phosphorus and zinc. Five spelt
accessions had twice the Se concentrations of emmer, and from two to eight times those of
normal wheat (Piergiovanni et al, 1997). This is in contrast to Grela (1996), who observed
no Se differences between spelt and wheat. Hence it is not clear at this stage whether
sufficient genetic variability for grain Se density exists between wheat cultivars to enable

selection for this trait.

RESEARCH QUESTION 9: Does sufficient genotypic variation exist in

wheat for grain selenium density to enable selection for this trait?
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1.7. Conclusion

Research results continue to illustrate the importance of selenium in human health, in
particular its cancer preventive capacity. It is evident, due mainly to its poor availability
in many soils, that as many as one billion people may be Se-deficient. The vast majority
of the world’s population would receive well below the level needed to maximise cancer
prevention, estimated at around 275 micrograms/day for an adult. The average Australian

adult would ingest around 75 pg Se/day.

Se levels in Australian wheat are generally moderate, but due to widespread wheat
consumption and the high bioavailability of selenium in wheat, this source probably
accounts for around half the Se utilised by Australians. An increase in the Se content of
wheat grain is likely to be the most cost-effective method to increase Se levels in the
human population. A substantial increase in population Se intake could result in
decreased rates of several cancers, cardiovascular disease, viral disease sequelae, and a
range of other conditions that involve oxidative stress and inflammation, with consequent

reductions in health costs.

Australia exports around 68% of its annual wheat production, so a significant increase in
its mean wheat Se level would be expected to improve population health in those countries
where mostly Australian wheat is consumed, such as Iraq, Iran, Egypt, Indonesia, South

Korea and Japan.

The most promising strategies to increase Se in wheat appear to be Se fertilisation and
breeding wheat varieties with superior ability to accumulate Se in the grain. Studies in
Europe and North America have shown that the addition of as little as 10 g Se/ha can
increase grain Se level by up to 0.40 mg/kg. However, studies are needed to determine the
most efficient methods for Australian conditions, to clarify the Se phytotoxicity threshold

for wheat, and to determine the extent of genetic variability for grain Se accumulation.

References for the Literature Review and General Discussion of the thesis begin on p. 57.
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2. List of Research Questions for this Thesis

1. What is the current selenium status of a sample of healthy South
Australian residents?

2. What are the grain selenium concentrations in a sample of wheats
grown recently on a range of soil types in South Australia?

3. In what proportions is selenium stored in the different fractions of the
wheat grain?

4. What effects do post-harvest processing and cooking have on grain Se
content?

5. What is the most effective fertilisation method to increase selenium
density in wheat grain on South Australian soils of different pH?

6. Do different combinations of sulphur and nitrogen applied at
commercial rates affect wheat grain selenium density?

7. At what higher levels of applied selenium do reduction in germination
and growth occur?

8. Does sufficient genetic variation exist in wheat for grain selenium
density to enable selection for this trait?
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High-selenium wheat: biofortification for better health
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Abstract

The metalloid selenium (Se) is ubiquitous in soils, but exists mainly in insoluble forms in
high-iron, low pH and certain leached soils, and hence is often of limited availability to
plants. Consequently, it is often supplied by plants to animals and humans at levels too
low for optimum health. Se deficiency and sub-optimality are manifested in populations
as increased rates of thyroid dysfunction, cancer, severe viral diseases, cardiovascular
disease, and various inflammatory conditions. Se deficiency probably affects at least a
billion people. Optimal cancer protection appears to require a supra-nutritional Se intake,
and involves several mechanisms, which include promotion of apoptosis, and inhibition of
neo-angiogenesis. Evidence suggests that in some regions Se is declining in the food
chain, and new strategies to increase its intake are required. These could include
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 accumulation. Se levels in Australian residents and wheat appear to be above
a global estimated mean, but few studies have been conducted. Wheat is estimated to
supply nearly half the Se utilised by most Australians. Increasing the Se content of wheat
represents a food systems approach that would increase population intake, with
consequent likely improvement in public health, and health cost savings. The strategies
that show most promise to achieve this are biofortification by Se fertilisation and breeding
wheat varieties that are more efficient at increasing grain Se density. Research is needed
in Australia to determine the most cost-effective fertilisation methods, and to determine
the extent of genetic variability for grain Se accumulation. Before recommending large-
scale fortification of the food supply with Se, it will be necessary to await the results of
current intervention studies with Se on cancer, HIV/AIDS and asthma.

Selenium: Biofortification: Wheat: Disease prevention

*Corresponding author: Graham Lyons, fax +61 8 8303 7109, email:
graham.lyons@adelaide.edu.au

Introduction

Since Se was recognised as an essential nutrient (Schwarz & Foltz, 1957), a voluminous
literature has accumulated that describes the profound effect of this element on human
health. The findings of recent human intervention trials (Clark et al. 1996; Yu et al. 1997)
have stimulated interest in a cancer-preventive role for Se. In addition to its cancer
preventive capacity, Se has an anti-viral effect (Baum ez al. 1997; Beck ef al. 1995; Yu et
al. 1997, 1999). Given the high global incidences of HIV, hepatitis B and C, and other
RNA viruses, including measles and influenza, the public health implications of selenium

I



deficiency (estimated by Combs (2001) to affect more than a billion individuals) and
suboptimality are enormous.

Several comprehensive reviews have examined Se and human health, including those of
Reilly (1996), Rayman (2000, 2002) and Combs (2001). Combs discusses Se in humans
within a food systems context and makes the distinction between Se’s normal metabolic
roles and its anti-carcinogenic activity at supra-nutritional levels.

It is important to note that the biological actions of Se are not properties of the element per
se, but rather are properties of its various chemical forms. Inorganic Se forms (selenate,
selenite) undergo reductive metabolism, yielding hydrogen selenide, which is incorporated
into selenoproteins. Successive methylation of hydrogen selenide detoxifies excess Se.
Selenomethionine can be incorporated non-specifically into proteins in place of
methionine, and selenocysteine is catabolised to hydrogen selenide by a beta-lyase
(Combs, 2001).

The present review summarises briefly the roles of Se in soils, plants and animals. The
importance of Se in human health is discussed, followed by Se intake by humans, with a
focus on Australia. Strategies to increase Se intake are presented. The review then
examines wheat as an important source of bioavailable Se, and discusses Se fertilisation
and plant breeding, two strategies to increase Se density in wheat grain.

Background

Soil Se is uneven in distribution and availability: concentrations range from less than 0.1
to more than 100 mg/kg; however, most soils contain between 1.0 and 1.5 mg/kg (Berrow
& Ure, 1989). In general, total soil Se of 0.1 to 0.6 mg/kg is considered deficient. Soils in
New Zealand, Denmark, Finland (pre-1984, before Se was added to fertilisers), central
Siberia, and a belt from north-east to south-central China are notably Se-deficient and
hence have suboptimal levels in their food systems (Gupta & Winter, 1975; Lag &
Stiennes, 1978; Combs, 2001). Large areas of Africa, including much of Zaire, are also
likely to be Se-deficient, but further mapping is required. On the other hand, parts of the
Great Plains of the USA and Canada, Enshi County in China, and parts of Ireland,
Colombia and Venezuela are seleniferous (Combs, 2001).

In acidic, poorly acrated soils, Se is relatively unavailable to plants and occurs mainly as
insoluble selenides and elemental selenium. In lateritic soils, which have a high iron
content, it binds strongly to iron to form poorly soluble ferric hydroxide-selenite
complexes (Cary & Allaway, 1969). In wetter regions, selenate can be leached from the
soil, resulting in selenium-deficient areas, for example New Zealand and Tasmania
(Reilly, 1996). The availability of soil Se to crops can be affected by irrigation, aeration,
liming and Se fertilisation (Gissel-Nielsen, 1998).

Australia has both high- and low-Se soils and large areas that have not been mapped for
the element. Seleniferous soils occur in central Queensland and parts of Cape York
Peninsula. Se deficiency in Australia usually occurs on acidic soils with more than 500
mm rain per year, such as the Central and Southern Tablelands and Slopes and the
Northern Tablelands of New South Wales, the south-eastern coast of Queensland, south-
west Western Australia; coastal and central regions of Victoria, much of Tasmania, and
South Australia’s Mount Lofty Ranges and Kangaroo Island (see Fig. 1) (Reuter, 1975;
Reilly, 1996).
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Fig. 1. Selenium in Australian soils (from Judson & Reuter, 1999)

The Se contents of plants vary according to available soil Se and plant species. For
example, wheat grown in Shaanxi Province, China may have 0.003 mg/kg Se in the grain,
compared to 2.0 mg/kg for wheat from the North or South Dakota wheatlands (Combs,
2001). Wheat from highly seleniferous areas of South Dakota may contain more than 50
mg/kg Se (G Combs, personal communication), while Astragalus on the same soils may
accumulate up to 15,000 mg/kg dry weight (Beath et al. 1937).

Although lower plants such as algae require Se for growth (Lindstrom, 1983), it is not
considered to be an essential nutrient for higher plants (Terry et al. 2000), although
previous studies to ascertain essentiality failed to account for volatile selenium compounds
(Broyer et al. 1966).

In higher plants, selenate is absorbed by roots via the sulphate transporter, a high-affinity
permease. High soil sulphate level decreases selenate influx (Cary & Gissel-Nielsen,
1973). Se is transported via the xylem to chloroplasts in leaves where it is reduced and the
selenium converted to organic forms, some of which are volatile. Selenate is transported
more easily from root to shoot than is selenite or organic Se (Terry et al. 2000).

Because Se is an essential nutrient, animals respond positively to it where their diel
contains less than 0.1 mg/kg Se in dry matter (Oldfield, 1993). Conditions that are related
to Se deficiency, some of which occur on a wide scale in certain countries, include white
muscle disease, exudative diathesis, pancreatic degeneration, liver necrosis, mulberry heart
disease, and ill-thrift. Se deficiency is usually not the only cause of these diseases (Reilly,
1996).



Selenium: essential for human health
Selenium deficiency diseases

In parts of China and eastern Siberia two overt Se-deficiency diseases occur: Keshan
disease and Kaschin-Beck disease. Keshan disease occurs mainly in children and women
of child-bearing age. and involves impairment of cardiac function, cardiac enlargement
and arrhythmia (Reilly, 1996). The disease’s actiology is likely to be complex, involving
Se and vitamin E deficiencies, and presence of the Coxsackie B virus (Yang et al. 1994;
Levander & Beck, 1999; Liu et al. 2002).

Kaschin-Beck disease is an osteoarthropathy which manifests as enlarged joints, shortened
fingers and toes, and in severe cases dwarfism. Se and vitamin E deficiency (Reilly, 1996)
and iodine deficiency (Neve, 1999) are likely to be predisposing factors whereas fulvic
acids in drinking water (Peng et al. 1999) or mycotoxins in food (Xiong ef al. 1998) are
probable causes.

Antioxidant, anti-inflammatory, thyroid and immunity roles

Selenocysteine, the 21% amino acid, is present in selenoproteins, which have important
enzyme functions in humans. Glutathione peroxidase (of which at least five forms exist)
has an antioxidant role in reducing damaging hydrogen peroxide and lipid/phospholipid
hydroperoxides produced in eicosanoid synthesis by the lipoxygenase and cyclo-
oxygenase pathways (Spallholz ef al. 1990). This function reduces damage to lipids, lipo-
proteins and DNA, and hence reduces risk of cardiovascular disease and cancer (Diplock,
1994; Neve, 1996). Moreover, selenite inhibits tumour necrosis factor-alpha-induced
expression of adhesion molecules that promote inflammation (Zhang e al. 2002).

There is a growing body of evidence to suggest that Se (especially in the sodium selenite
form) can alleviate conditions associated with high levels of oxidative stress or
inflammation. These include asthma (Jahnova et al. 2002; Shaheen et al. 1999), diabetes
(Kowluru et al. 2001), arthritis (Peretz et al. 2001), muscular dystrophy (Kurihara et al.
2000), cystic fibrosis (Kauf et al. 1994), acute pancreatitis (De las Heras Castano et al.
2000), osteoarthritis (Kurz et al 2002), systemic inflammatory response syndrome
(Angstwurm et al. 1999) and kwashiorkor (Ashour et al. 1999). In addition, Schrauzer
(1998) discusses the application of selenite therapy to viral haemorrhagic fever, acute
septicaemia and lymphoedema. Another group of selenoenzymes, the thioredoxin
reductases are involved in reduction of nucleotides in DNA synthesis, regeneration of
antioxidant systems, and maintenance of intracellular redox state (Allan ez al. 1999).

The thyroid gland has the highest Se concentration of any human organ (Kohrle, 1999),
and Se is involved in thyroid metabolism through the iodothyronine deiodinases, which
catalyse the production of active thyroid hormone, T3, from thyroxine, T4 (Beckett et al.
1987). The iodine deficiency diseases goitre and myxedematous cretinism are more
prevalent in central Africa in those regions which are deficient in both iodine and Se
(Vanderpas et al. 1993), and in such areas supplementation with both nutrients is
indicated.

Se has a role in many aspects of the immune response to infections. Se deficiency reduces
immunocompetence, involving impairment of neutrophil, ~macrophage and
polymorphonuclear leukocyte activity (Boyne & Arthur, 1986; Dimitrov et al. 1984;
Spallholz ez al. 1990). Se supplementation of even supposedly Se-replete individuals is
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immunostimulatory, and involves enhancement of natural-killer-cell and lymphocyte
activity as well as enhancement of proliferation of activated T-cells (Kiremidjian-
Schumacher et al. 1994).

Cancer

Selenium and its relationship to cancer has been thoroughly reviewed recently (Whanger,
2004). There is “perhaps no more extensive body of evidence for the cancer preventive
potential of a normal dietary component than there is for selenium” (Combs & Gray, 1998,
186). From the late 1960s, epidemiological studies have suggested an inverse association
between human Se intake and cancer mortality (Combs & Gray, 1998). An extensive
literature documents the numerous in vitro and animal studies that have been conducted
during the past 35 years. Most demonstrate that application or intakes of Se at
supranutritional levels can inhibit tumorigenesis (El-Bayoumy, 1991; Combs & Gray,
1998; Ip, 1998). Prospective cohort and case-control studies that have involved as many
as 34,000 people have generally shown an association between low Se status and a
significantly higher risk of cancer incidence and mortality (Yoshizawa e al. 1998; Yu et
al. 1999; Brooks et al. 2001). Indeed, of eight human trials which have studied the effects
of Se on cancer incidence or biomarkers, all but one have shown a Se benefit (Whanger,
2004).

Intervention studies using Se as a single chemopreventive agent include the Qidong trials
in China, where selenite significantly reduced primary liver cancer (Yu et al. 1997). In the
Nutritional Prevention of Cancer (NPC) trial in the US, 200 pg Se/d (as yeast) reduced
total cancer mortality by 41%, total cancer incidence by 25% and prostate cancer
incidence by 52% in a cohort of 1,300 people. The effect on total cancer was limited to
male smokers (current or previous) with baseline Se levels below 113 ug/l, although non-
smoking males below this level are likely to have benefited from Se supplementation in
terms of prostate and colon cancer protection (Duffield-Lillico ef al. 2002).

The NPC trial was conducted in a region of the US where Se intakes are estimated to be
around 90 pg/d, well above the level required for optimal selenoenzyme activity. This
suggests additional mechanisms in Se’s cancer-preventive role. While some cancer
protection, particularly that through antioxidant activity, involves selenoenzymes, the anti-
cancer effects of Se are likely to involve the production of specific anti-tumorigenic
metabolites, such as methylselenol. Studies have suggested that Se provided in certain
forms can neutralise carcinogens, enhance the immune system, alter gene (including pS3)
expression, inhibit tumour cell metabolism and neo-angiogenesis (blood vessel
development around tumours), and promote apoptosis (programmed cell death) (Ip et al.
1991; Harrison ef al. 1997; Combs & Gray, 1998; Jiang ef al. 1999; Combs, 2000, 2001;
Lu, 2000; Rayman, 2000; Finley & Davis, 2001; Seo et al. 2002).

According to this two-stage model of cancer prevention, which involves Se intakes that
correct nutritional deficiency as well as much higher, supranutritional intakes, individuals
with nutritionally adequate Se intakes may benefit from Se supplementation (Combs &
Gray, 1998). Se’s anti-cancer activities remain under intensive study worldwide.

Viral and mycobacterial diseases
Se deficiency is associated with increased virulence of a range of viral infections (Taylor,

1997). It is evident that in a Se-deficient host, normally harmless viruses can become
virulent. For example, when Se-deficient mice are inoculated with benign Coxsackie B3



virus, the virus mutates into a virulent form that causes myocarditis similar to that seen in
Keshan disease (Beck et al. 1995, 1998; Beck 2001). Furthermore, Se-deficient mice
develop severe pneumonitis when infected with a mild strain of influenza virus (Beck,
2001).

Se appears to be of particular importance for people with HIV. Se deficiency is a
significant predictor of HIV-related mortality (Baum & Shor-Posner, 1998; Campa et al.
1999) and viral load (Baeten et al. 2001). A US study found Se-deficient HIV patients to
be twenty times more likely to die from HIV-related causes than those with adequate
levels (Baum et al. 1997). The decline in blood Se levels occurs even in the early stages
and is thus unlikely to be due to malnutrition or malabsorption (Look ez al. 1997).
Moreover, a study of HIV-1-seropositive drug users found low Se level to be a significant

risk factor for developing mycobacterial disease, notably tuberculosis (Shor-Posner et al.
2002).

Se also appears to be protective in individuals infected with hepatitis B or C against
progression to cirrhosis and liver cancer (Yu et al. 1997; Yu et al. 1999). Selenoproteins
encoded by HIV, hepatitis C virus and the Ebola virus (which causes acute haemorrhage)
have been discovered that consume the host’s Se supply, thus reducing immune response
(Taylor & Nadimpalli, 1999; Zhao et al. 2000).

Other health effects

Low Se status has long been known to reduce fertility in livestock (Underwood, 1977),
and this also appears to be the case for humans. Low Se levels have been associated with
male infertility (Behne et al. 1997) and spontaneous abortions (Barrington et al. 1996). In
a Scottish study, supplementation of subfertile men with 100 pg Se/d for three months
significantly increased sperm motility (Scott & MacPherson, 1998). Conversely, Hawkes
& Turek (2001) found that a diet containing 300 ug Se/d caused a reduction in sperm
motility in healthy men.

Se appears to be influential in the brain, and Rayman (2000) documents several studies
that indicate low Se levels are associated with cognitive impairment, depression, anxiety
and hostility. These conditions can be alleviated in individuals with low baseline Se levels
by Se supplementation. Recent studies suggest that selenoprotein P (Whanger, 2001),
selenoprotein W (Jeong et al. 2002) and the newly discovered selenoprotein M (Korotkov
et al. 2002) have important roles in the brain.

Se forms selenides with all metals, and detoxifies Hg, Cd, Pb, Ag, Tl and As. This effect
can be enhanced by vitamin E (Frost, 1981). In the case of Cd and Hg, detoxification is
achieved through the diversion in their binding from low- to high-molecular-weight
proteins (Whanger, 1992).

Human selenium intake
Selenium intake: low and getting lower
Selenium intake in humans is determined mainly by the level of available Se in the soil on

which their food is grown, and by dietary composition. Se levels in major food classes
usually occur within the following ranges: 0.10 — 0.60 mg/kg (fish), 0.05 — 0.60 (cereals),



0.05 — 0.30 (red meats), and 0.002 — 0.08 (fruit and vegetables) (Combs, 2001).
Bioavailability, which varies with food source of Se, will be discussed below.

The absolute range of global daily Se intake by adults is around 7 (in Chinese Keshan
disease areas) — 5,000 pg/d (in Chinese selenosis areas). Estimates provided by Combs
(2001) of Se intake for several countries include England (12-43), Belgium (45), Canada
(98-224), USA (60-220), Croatia (27), New Zealand (19-80), Japan (104-127) and
Venezuela (200-350). In Australia few comprehensive studies have been conducted, but
estimates of 63 and 96 pg/d have been provided, with a range of 23-204 (Fardy et al.
1989; Reilly, 1996). In view of the estimated mean plasma level of Se in Australian adults
(see below), a mean intake of around 75 pg/day appears likely for Australians.

The US Recommended Daily Allowance, which is based on the Se levels considered to be
necessary to maximise glutathione peroxidase activity, is 55 pg/d for both men and
women, while in Australia it is 85 and 70 ug/d for men and women, respectively. The
Third National Health and Nutrition Examination Survey in the USA (N = 17,630)
indicated that 99% of the subjects were Se replete (i.e. above 80 pg/l plasma Se) and thus
supplementation is not recommended (Burk, 2002). However, referring to the study of
Neve (2000), Rayman (2000) points out that if platelet, rather than plasma, saturation of
glutathione peroxidase activity is used as the measure of Se repletion, a higher intake is
required, in the range of 80-100 pg/d.

It is evident that many people do not consume enough Se to support maximum expression
of selenoenzymes, let alone the level required for optimum prevention of cancer. Combs
(2001) estimates the number of Se-deficient people in the world to be in the range of 500-
1,000 million. In addition, he considers that the vast majority of the world’s population
have suboptimal Se intakes, and hence are at increased risk of cancer, heart disease, viral
diseases, and indeed any conditions that involve increased levels of oxidative stress.

Furthermore, evidence suggests that there is a trend toward a reduction of Se in the global
food chain, caused by fossil fuel burning (with consequent S release), acid rain, soil
acidification, the use of high-S fertilisers (Frost, 1987) and more intensive crop production
(Gissel-Nielsen, 1998). Rayman (1997, 2000, 2002) and Giovannucci (1998) observe that
blood Se levels have decreased significantly in the United Kingdom from 1984 to 1994,
and current average Se intake in the UK may be as low as 34-39 pg/day (Barclay et al.
1995; MAFF, 1997, 1999). These authors attribute this fall in part to the use of low-Se
UK and European wheat in place of North American wheat. This highlights the sensitivity
of Se intake and body levels to changes in the food supply. Both authors call for action to
increase Se intake.

Human blood concentrations of selenium: the global view

Blood Se levels are determined mainly by dietary intake, although gender, age, smoking
and exposure to heavy metals can have a minor effect (Robberecht & Deelstra, 1994).
Combs (2001) presented a comprehensive list of Se concentrations in plasma, serum or
whole blood of healthy adults from sixty-nine countries. A sample of plasma or serum Se
concentrations (pg/l) is as follows: Austria (67), Burundi (15), Canada (132), China-
Keshan disease area (21), China-selenosis area (494), Finland pre-1984 (70) and post-1984
(92), Hungary (54), Japan (130), New Zealand (59), Norway (119), USA (119) and Zaire
(27) (Combs, 2001). Note that there are few data available from some of the most
populous areas of the world, including most of Africa, South America and central and
south Asia. The mean value (calculated as the mean of the post-1990 means for a



representative sample of forty-five countries) is 78 pg/l, with a range of means of 15
(Burundi)-216 pg/l (Venezuela). However, this is likely to be optimistic as small studies
of Se levels in much of Africa and central, south and South-East Asia indicate levels well
below this.

This can be compared to the figure of 70 pg/l, the WHO’s reference level, which is the
minimum level for maximisation of plasma or serum glutathione peroxidase activities
(Neve, 1995). Rayman (1997) has quoted studies that show that a level of 100 ug/l is
required for optimal expression of plasma glutathione peroxidase. The vast majority of
the world’s population would not reach this level of plasma or serum Se.

Selenium levels in the Australian population

An estimate of 94 pg/1 of plasma or serum Se for Australia can be derived from the means
determined from seventeen studies of blood Se levels. The studies (with mean plasma or
serum Se levels in pg/l) are: Judson ef al. 1978, 1982 (124, 114); Pearn & McCay, 1979
(88); McOrist & Fardy, 1989 (98, 86); Brock et al. 1991 (88); Cumming ez al. 1992 (81);
Lux & Naidoo, 1995 (101); McGlashan et al. 1996 (80); Dhindsa et al. 1998 (92); Daniels
et al. 2000 (77, 88); GJ Judson (unpublished results from 1987 and 1988) (91, 92, 101,
95); GH Lyons et al. (unpublished results from 2002) (103). This places Australia well
above the estimated world mean reported Se level of 78 ug/l.

In Australia, relatively low blood Se levels have been reported in Adelaide infants.
Daniels et al. (2000) found a plasma Se level of around 31 pg/l (SD 13) in a sample of
newborn infants, a level comparable with that of New Zealand. Infant Se levels are
typically half those of adults. These levels place the infants at increased risk of a range of
conditions that involve oxidative stress and inflammation.

An apparent global decline in Se in the food chain was noted above. Se levels in South
Australians may have fallen from 1977-1987. For instance, the mean whole blood Se
level for a 1977 sample of Adelaide health workers was 155 pg/l (Judson et al. 1978),
whilst Kangaroo Island residents in 1979 recorded a mean of 143 pg/l (Judson et al.
1982). However, in later samples of healthy Adelaide adults from 1987-2002, mean
whole blood Se levels were 117, 126, 128, 118 (GJ Judson et al., unpublished results from
1987 and 1988) and 125 (GH Lyons ef al., unpublished results from 2002), with Mount
Gambier residents recording 121 in 1987 (GJ Judson et al., unpublished results from
1987), for a grand mean for the period 1987-2002 of 122 pg/l. The apparent decline in the
early 1980s may be due to changes in dietary composition and/or a decrease in Se
concentration in South Australian-grown wheat.

Optimum selenium intake

In the NPC trial in the US, the protective effect of Se against cancer occurred in the lowest
(relative risk of 0.52, 95% CI: 0.33-0.82) and middle (relative risk 0.64, 95% CI 0.40-
0.97) tertiles, which included those individuals with plasma Se levels below 121 ug/l
(Rayman & Clark, 2000), and the latest analysis shows that the Se benefit was largely
restricted to male smokers with baseline plasma Se level below 113 pg/l The strongest
protective effect was against prostate cancer, with a hazard ratio of 0.48 (95% CI: 0.28-
0.80) (Duffield-Lillico ez al. 2002). None of the subjects had plasma Se levels below 60
pg/l and very few were less than 80 pg/l, thus the cohort must be considered Se-adequate
by current nutritional standards (Combs, 2000).



Although there is a risk in generalising results of individual epidemiological and
intervention studies, this result would suggest, using the levels presented by Combs (2001)
above, that the vast majority of the world’s population (including that of Australia, with a
probable mean plasma or serum level around 89 pg/l, and many populations in Europe
(Rayman, 2000)) would be in the responsive range.

The NPC participants lived in a region where dietary Se intake is around 90 ug/d (Clark ez
al. 1996), thus with the addition of the 200 ug supplement, individuals in the treatment
group would have received around 270-310 ug/d. Combs (2001) suggested that a Se
intake of 200-300 pg/d may be required to significantly reduce cancer risk. This compares
with an estimated Australian adult intake of 75 pg/d. Of course, as Rayman (2000) notes,
Se requirement varies between individuals in the same population. Even Moyad (2002),
who expressed doubts about the interpretations of certain Se studies, and considers some
estimates of its cancer-protective effect to be optimistic, suggested that an intake of 200
pg Se/d and around 50 mg vitamin E/d may be beneficial, particularly for current or
previous smokers. The results of the NPC trial (Duffield-Lillico et al. 2002) suggested
that males may have a higher Se requirement than females. Further studies may find
optimum adult Se intakes in the range 125-280 ug/d, with means of around 130 (for
females) and 250 (for males). Pregnant females may have a higher Se requirement than
non-pregnant females (Dylewski et al. 2002).

Chronic selenosis occurs in Enshi County, China where coal-contaminated soil contains
up to 8 mg Se/kg, and residents have consumed up to 7 mg/d. Common symptoms include
nail thickening and cracking and hair loss, and some people exhibit skin lesions (Liu & Li,
1987; Yang & Zhou, 1994). The concern that the incorporation of selenomethionine into
body proteins could increase Se to toxic levels appears unwarranted because a steady state
is established, which prevents the uncontrolled accumulation of Se (Schrauzer, 2000).

Combs (2001) considered it probable that the WHO and European Union estimates of the
upper safe limit of Se intake of 400 and 300 pg/adult/d, respectively, are too conservative.
Under normal conditions, a Se intake of less than 1,000 ug/d (or 15 pg/kg bodyweight)
does not cause toxicity (Neve, 1991; Poirier, 1994; Whanger et al. 1996; Taylor, 1997).
Those living in parts of China, the USA, Venezuela and Greenland have ingested Se at this
level for their entire lives without ill effects (Taylor, 1997).

However, it would be prudent at this stage to limit medium- to long-term Se intake to
around the US reference dose, which has been set at 350 pg/d for a 70 kg human
(Schrauzer, 2000) for several reasons. First, Vinceti et al. (2001) have documented
possible adverse cffects of levels of supplemented Se around 300 pg/d on thyroid status.
Second, a reduction in sperm motility in a group of eleven men supplemented with 300 ug
Se/d for 3 months has been shown by (Hawkes & Turek, 2001). Third, there has been a
surprising finding from the NPC trial of a non-significant increase in risk (based on small
case numbers) of five cancer types (melanoma, lymphoma and leukaemia, breast, bladder,
and head and neck cancers). Nevertheless, biofortification of cereals with Se at the rates
discussed below would be very unlikely to place consumers at risk of any adverse health
effects from Se.

The food systems of very few countries appear to deliver an optimum level of Se to their
populations, and indeed the food systems of most countries do not even provide enough Se
to maximise selenoenzyme expression. The impact of this deficiency and suboptimality in
global health terms is difficult to quantify, but is likely to be enormous given the high
prevalence of various cancers, cardiovascular diseases, viral diseases (including AIDS,



hepatitis, measles and influenza), and exposure to environmental pollutants throughout
much of the world. It is thus a matter of urgency that many countries begin to address this
major public health issue and develop effective, sustainable ways to increase Se intakes
(Combs, 2001).

Strategies to increase human selenium intake

Given that the populations of most countries would be likely to benefit from an increased
Se intake, how could this be best achieved? Strategies to increase Se intake include
increased consumption of higher-Se foods through education, individual supplementation,
food fortification, supplementation of livestock, use of selenium fertilisers, and plant
breeding for enhanced selenium accumulation. Each of these shall be discussed briefly.

Increased consumption of higher-selenium foods through education

Globally, wheat is probably the most important dietary source of Se. Even in Europe, with
its low levels of available soil Se, bread and cereals, being commonly consumed, are
important Se sources. In the UK, for example, it is estimated that bread and cereals supply
around 22% of Se, second to meat, poultry and fish (36%) (Ministry of Agriculture,
Fisheries & Food, 1997).

Brazil nuts provide the most concentrated natural food source of Se. A study conducted in
the UK found concentrations of 2-53 mg Se/kg (Thom et al. 1976), while an Australian
study found even higher levels: 0.5-150 mg/kg (Tinggi & Reilly, 2000).

Individual supplementation

In Western countries many individuals currently consume Se supplements, which are
available in both inorganic and organic forms. Sodium selenite, available in tablet or fluid
form, is preferable to selenate (Chen et al. 2000; Finley & Davis, 2001). High-Se yeast
includes several organic Se forms, including selenomethionine and selenocysteine (Bird ez
al. 1997). Another form of individual supplementation is selective consumption of the
fortified or “functional foods” listed below.

Studies suggest that dietary sources of Se, vitamin E and beta-carotene are preferable to
supplements (Moyad, 2002). Moreover, a well-known drawback of individual
supplementation as a population strategy to improve nutrition is that those who are most in
need tend to be the least likely to take supplements.

Food fortification

This approach has been used successfully with folate-enriched breakfast cereals, Fe-
enriched milk, iodised salt, carotene- and vitamin E-enriched margarine, as well as
selenised salt in Se-deficient regions of China. Seleniferous areas can be considered
resources for the production of Se-enriched plants; for example, in China an elixer is made
from high-Se tea in Enshi County (Combs, 2001), and high-Se wheat from South Dakota,
USA attracts a premium price (Fedgazette, 2000). These examples can be included in the
functional foods category, along with high-Se broccoli (Finley, 1999), high-Se garlic (Ip &
Lisk, 1994) and the high-Se yeast noted above.
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Selenium supplementation of livestock

Supplementation strategies to increase dietary Se intake by livestock (and thus increase
levels in meat and milk) include Se fertilisation of pastures, dietary supplements (e.g. the
now widespread practice of adding selenomethionine to the rations of livestock, including
dairy cows during milking), and direct administration (drenches, slow-release
reticulum/rumen “bullets”, injection).

In New Zealand, sodium selenate is supplied as a prill to pastures (Reilly, 1996). In a
Western Australian study, slow-release barium selenate applied at 10 g/ha prevented
subclinical selenium deficiency in sheep for 4 years, whereas a single application of
sodium selenate at the same rate was effective for only 15 months (Whelan & Barrow,
1994).

Supplementation of livestock with Se is unlikely to be an efficient strategy to increase Se
level in the human population, however. In New Zealand, little increase in the Se content
of human foods was observed after the introduction of Se supplementation for farm
animals in the 1960s (Thomson & Robinson, 1980).

Selenium fertilisation of crops

The use of Se as a soil amendment in fertiliser is practised mainly in Finland (by law from
1984), where it is currently added to NPK fertiliser at a rate of 10 mg/kg (Eurola &
Hietaniemi, 2000), and New Zealand (at an individual level, and generally on pastures).

The Finnish experiment has demonstrated the safety, effectiveness, ease and cost-
efficiency of this approach to raise Se levels in a human population. Dietary Se intakes
trebled and plasma Se concentrations nearly doubled within 3 years of the program’s
commencement (Aro et al. 1995). However, it is difficult to isolate the effects of a single
factor, such as dietary change, from other factors that can be involved in the aetiology of
such conditions as cancer and cardiovascular disease. There have been significant
decreases in the rates of cardiovascular disease and certain cancers in Finland since 1985,
but with no controls for comparison, this cannot be ascribed to Se alone (Varo et al.,
1994).

Sodium selenate is the Se form generally used for crop and pasture fertilisation; it is
weakly adsorbed on soil colloids and can bring about a rapid increase in plant Se level
(Gupta & Watkinson, 1985). The enhancement of wheat Se level by fertiliser will be
discussed further below.

Plant breeding for enhanced selenium accumulation

Breeding for improved Se uptake and/or retention by plants may be an effective,
sustainable strategy. Preliminary studies have found a 15-fold variation in Se-
accumulating ability among brassica vegetables (Combs, 2001), and a Se-accumulating
soybean cultivar has been identified (Wei, 1996). Substantial variability exists within
cereal crop varieties for zinc, iron and other nutrients (Graham et al. 1999). These
findings suggest that it should be possible to breed cultivars with enhanced Se uptake
and/or retention, or to use genetic engineering to enhance Se levels (and even specific Se
metabolites) in food crops.
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In summary, each of these strategies could contribute to enhanced delivery of Se to human
populations through their food systems. As described by Welch & Graham (1999), a food
systems paradigm encompasses an agriculture that aims not only at productivity and
sustainability, but also at improved nutrition. In Australia, a program that combines
selection for enhanced grain Se content in wheat, strategic fertilisation of wheat and
barley, education to encourage greater consumption of higher-Se foods, increased
supplementation of livestock grazing acid soils in high rainfall areas, and education and
targeted supplementation of high-risk individuals, would be likely to significantly improve
population health.

Wheat: an important selenium source for humans

Surveys indicate that wheat is the most efficient Se accumulator of the common cereal
crops (wheat, rice, maize, barley, oats) and is one of the most important Se sources for
humans. In a Russian survey, serum Se level was found to be highly correlated (r = 0.79)
with Se level in wheat flour (Golubkina & Alfthan, 1999). Bread is the second most
important source of Se in the US (Schubert e al. 1987), and has been found to supply one-
third of the daily Se intake of Australian children (Barrett ef al. 1989). With the addition
of Se supplied through breakfast cereals, cake and biscuits, and in view of its high
bioavailability, wheat-Se probably supplies around half the Se utilised by Australians.

Selenium concentrations in wheat grain

The global view. There is wide variation in wheat grain Se level between and within
countries. Published values range from 0.001 mg/kg in south-west Western Australia
(White et al, 1981) to 30 mg/kg in highly seleniferous areas of South Dakota (University
of California, 1988), but most of the world’s wheat falls within the 0.020-0.600 mg/kg
range (Alfthan & Neve, 1996). Canada and the US have relatively high levels, usually in
the 0.2-0.6 mg/kg range (Reilly, 1996). New Zealand and Eastern Europe generally have
low levels, for example the 0.028 mg/kg average found by Mihailovic et al. (1996) for
Serbia.

Some countries, including China (with a range of 0.01-0.23 mg/kg (Alfthan & Neve,
1996)), Canada and the US, have highly variable wheat Se levels, even within states. Se
concentrations in wheat grain from 12 locations in Manitoba, Canada in 1986-88 ranged
from 0.06-3.06 mg/kg, and levels varied between years within a location (Boila et al.
1993). A US survey, also in 1986-88, analysed major brands of white bread in nine
different geographical regions. The overall range was 0.06-0.74 mg/kg, while a single
brand of bread collected from different bakeries in Boston alone had a range of 0.24-0.92
mg/kg (CV 41%), with a mean of 0.60 mg/kg (Holden et al. 1991).

Selenium in Australian wheat. Four published surveys of Se concentrations in Australian
wheat have been identified. The Queensland study (Noble & Barry, 1982) found a mean
value for wheat grain Se of 0.150 mg/kg (range 0.020-0.800) for wheat grown between
1974 and 1978. Similar levels were found for sorghum and soybean. Site differences
accounted for a 40-fold difference between wheat Se values, and a 110-fold difference for
sorghum.

Very low Se concentrations were found in wheat surveyed in south-west Western

Australia in 1975: mean Se concentration in grain was 0.023 mg/kg (SE 0.006), with a
range of 0.001-0.117 mg/kg (White et al. 1981). The figure of 0.001 mg/kg is the lowest
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level reported globally for Se in wheat. The lowest levels were found on soils derived
from Archaean granite, which are also associated with a high prevalence of white muscle
disease in lambs (Godwin, 1975).

Watkinson (1981) compared Se concentrations in New Zealand-grown wheat with wheat
imported from Australia, grown in 1978 and 1979. The Australian wheats were higher in
Se (mean 0.123 mg/kg (SD 0.026) mg/kg, range 0.043-0.224 mg/kg) than the NZ wheats
(0.028 (SD 0.010) mg/kg, range 0.011-0.086 mg/kg).

The South Australian study (Babidge, 1990) used pooled wheat and barley samples from
107 and 100 silos, respectively, across the state in the 1981 season for wheat and the 1981
and 1982 seasons for barley. There were significant differences (p<0.001) between
regions: for example, the Upper Eyre Peninsula region had a wheat-Se median value of
0.229 (range 0.120-0.316) mg/kg, compared to the South East with 0.118 (range 0.047-
0.240) mg/kg. Wheat and barley showed the same regional trends, but wheat levels were
around 30% higher.

A recent targeted survey of wheat grown in South Australia in the 2000 and 2001 seasons
yielded a range of 0.005 — 0.700 mg Se/kg, with values typically 0.080 — 0.180 mg/kg, a
grand mean of 0.155 (SE 15) mg/kg, and a median of 0.100 mg/kg (GH Lyons et al,
unpublished results from 2002).

The findings of these studies (means of 0.150 (Queensland), 0.023 (Western Australia),
0.150 (South Australia), 0.091 (New South Wales), and South Australia median of 0.170),
together with the findings of the human blood surveys discussed above, suggest that
Australian wheat grain Se concentrations are above the global average, being well above
New Zealand, UK and Eastern European levels, but generally lower than those of Canada

and the USA.
High bioavailability of wheat-selenium

In human nutrition terms, bioavailability can be defined as the amount of a nutrient in a
meal that is absorbable and utilisable by the person eating the meal (Van Campen &
Glahn, 1999). Sc is well absorbed (generally 73-93%) from most sources, with
selenomethionine and selenate usually absorbed more efficiently than selenite (Raghib et
al, 1986; Stewart et al. 1987; Moser-Veillon et al, 1992; Van Dael et al, 2002).

However, the assessment of bioavailability of food micronutrients in general (Graham et
al. 2001; House, 1999) and different forms of dietary Se is not straightforward (Reilly,
1996). Several measures can be used to determine bioavailability and they are subject to a
range of variables. If tissue retention is used as a measure, naturally occurring food Se is
by far the most available form of the element, although there are significant differences
between different types of food.

Selenium form is important: selenomethionine, the form in which Se mainly occurs in
cereals (Olson et al. 1970), beans, mushrooms and yeast (Reilly, 1996), enters the general
protein pool and is well retained. However, it must be released from the protein pool and
be catabolised to hydrogen selenide before it can support selenoenzyme expression.
Selenocysteine, on the other hand, cannot be incorporated directly into proteins, but is
catabolised directly to hydrogen selenide. It is thus better utilised for the selenoenzymes
but not retained as well as selenomethionine (Deagen et al. 1987; Levander & Burk, 1990;
Combs, 2001).
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Se is generally more bioavailable from plant forms than from animal foodstuffs (Combs,
1988; Bugel et al. 2002), and wheat Se is one of the most bioavailable forms (Jaakkola et
al. 1983; Laws ef al. 1986; Hakkarainen, 1993). In a study on chicks, using glutathione
peroxidase activity and prevention of exudative diathesis as measures of bioavailability,
and using selenite as the reference at 100%, the bioavailabilities of Se in different foods
were: wheat 83-100%, barley 78-85%, oats 41-45%, fishmeal 64-80%, and meatmeal 22-
30% (Hakkarainen, 1993). The importance of imported North American wheat as a
former Se source for the British population was noted above, and is reinforced by a
Scottish study which found that the Se content of wheat harvested in 1989 which was used
for breadmaking in Scotland ranged from 0.028 mg/kg for home-grown wheat to 0.518
mg/kg for Canadian wheat, and was significantly correlated (p<0.001) with protein
content (Barclay & Macpherson, 1992). Norway’s population, despite a modest total Se
intake, has the highest serum Se level in Europe at 119 pg/l. The probable explanation is
that their major selenium source is North American wheat. In a Norwegian study, Meltzer
et al. (1992) demonstrated the high bioavailability of wheat-Se by feeding trial participants
Se-rich bread providing 100, 200 or 300 ug Se daily for 6 weeks. Serum selenium
increased in a dose-response manner by 20, 37 and 53 pug/l, respectively, in the three
groups (p<0.001).

Wheat enriched with Se by foliar application was found to be highly effective in raising
plasma Se (53% increase after 6 weeks) in a Serbian study. Glutathione peroxidase
activity in blood increased and oxidative stress parameters decreased (Djujic et al. 2000a).
A follow-up study found that Se-enriched wheat increased levels of copper, iron and zinc
in erythrocytes, compared to individuals consuming low-Se wheat (Djujic ef al. 2000Db).
This is the first time such interactions have been reported, and further studies are
warranted in view of the billions of people who are iron and/or zinc deficient.

Strategies to increase selenium in wheat
Background

The foregoing evidence suggests that for many countries an increase in Se concentration in
wheat would be the most effective and efficient way to increase the Se intake of the
human population, with consequent likely improvement in public health, and also to
reverse the trend of declining Se levels in food systems.

It is clear that Se fertilisation of wheat is an effective means to increase grain Se
concentration (Gupta & Gupta, 2000; Combs, 2001), and this will be examined further
below. Education is also important to encourage people to consume appropriate amounts
and proportions of different classes of healthy foods, including whole grain cereal
products.

However, in developing countries those individuals who are most at risk of nutrient
deficiencies (frequently women and children) often rely on one staple food, for example
wheat, rice, cassava or maize, for most of their energy and nutrient requirements, and lack
the money to improve their diet. Hence the high prevalence of Fe, Zn, vitamin A, I and Se
deficiencies, and the high incidence and prevalence of infectious diseases in these
countries (Graham & Welch, 1996; Graham ef al. 2001). For certain soil types in
developing countries, the most sustainable, cost-effective approach may be to breed wheat
cultivars that are better at accumulating grain-Se.
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Selenium fertilisation

To overcome the low Se levels in food crops in certain areas, different methods of Se
fertilisation have been investigated for more than 30 years. Of particular interest are the
experiments of Ylaranta (Finland), Gissel-Nielsen (Denmark) and Gupta (Canada). Itis a
very inexpensive method to increase Se intake by humans: the material cost of applying 10
g/ha of selenate is less than US$1.00/ha. Its effectiveness is illustrated by the increase in
blood Se levels in Finland post-1984. Moreover, Mutanen et al. (1987) found that the
bioavailability (calculated as the mean of four criteria) of wheat-Se was higher for Se-
fertilised (both soil-applied and foliar) wheat than for American wheat which was
naturally high in Se.

The Finland Se program was discussed above. The Se level in all domestic cereal grains
in Finland pre-1984 was 0.01 mg/kg or less; now spring wheats typically contain around
0.25 mg/kg, and for the less-fertilised winter wheat, around 0.05 mg/kg (Eurola et al.
1990). Current application rates vary from 5-10 g selenate/ha, and the practice appears to
be safe.

Concern that continuing use of selenium-amended fertilisers might eventually lead to
accumulation of toxic levels in the environment appears to be unfounded (Vuori et al.
1994; Oldfield, 1999). The residual effect of Se treatments was found to be low to
negligible in the following year, even when it had been applied at the high rate of 500 g/ha
(Gissel-Nielsen, 1981; Ylaranta, 1983a,b, 1984; Singh, 1991; Shand et al. 1992; Gupta et
al. 1993; Gissel-Nielsen & Gupta, 2001). Furthermore, the bioavailability of residual
selenium is lowered by the reducing action of micro-organisms in the soil and rumen. A
Californian study (Norman ez al. 1992) found that long-term Se supplementation of cattle
at maximum permitted levels did not result in Se contamination in streams that received
runoff from feeding areas. However, a Californian study of a deer forest range treated
with seleniferous fertiliser found significant Se accumulation in aquatic biota in streams in
the same area (Maier et al. 1998), a not unexpected finding. In New Zealand, where Se
fertilisation has been practised for over 30 years, no Se build-up has occurred, and positive
responses continue to be obtained from Se application (Oldfield, 1999). It would appear
that risk of environmental Se accumulation due to responsible agricultural use is low.

Most studies have shown selenate, whether applied to the soil or as a foliar fertiliser, to be
much more effective than selenite (Gissel-Nielsen 1981; Ylaranta 1983a,b, 1984; Singh,
1991; Shand et al. 1992; Gupta et al. 1993; Gissel-Nielsen & Gupta, 2001). For example,
a grain Se content of 100-200 pg/kg in barley was obtained by applying 10-20 g selenate
/ha, but over 100 g selenite/ha was required to reach this level (Ylaranta, 1983b). On a
fine sandy loam of pH 6.0, 10g selenate/ha applied to the soil raised barley grain from 33
ug/kg (control) to 234 pg/kg, while 10 g selenite/ha caused no increase (Gupta et al.
1993). In many soils, selenite is readily adsorbed on clay colloids and becomes
unavailable to plants.

The relative effectiveness of soil or foliar application of Se depends on Se form, soil
characteristics, method of basal application, and time of foliar application. Ylaranta
(1983b) found basal and foliar selenate to be equally effective at the low (10 g/ha) rate,
foliar better at 50 g/ha, and both equal at the high rate of 500 g/ha. In further trials, foliar
selenate applied at the 3-4 leaf stage was found to be more effective than basal application
on clay soil of pH 6.3, of similar effectiveness on high-humus, fine sandy soil of pH 4.6,
and slightly less effective than basal fertiliser on a fine sandy soil of pH 5.0. Ten g/ha of
foliar selenate, using a wetting agent, raised wheat grain Se level from 16 to 168 ug/kg on
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the clay soil, while 9g basally applied raised it to just 77 ug/kg. Overall, foliar application
was the more effective method, except where growth was poor due to low rainfall
(Ylaranta, 1984). This suggests that, for most of Australia’s wheatgrowing areas, basal
application may be preferable, especially where foliar nitrogen (to which selenium could
be added) to boost growth or protein is not used.

At the Se levels used for fertilisation of wheat in the field (5-100 g/ha) it is unlikely that
there would be any phytotoxic effects, including growth inhibition.

The question arises as to what is a desirable target level for Se in wheat grain. From the
studies above it is evident that 10 g selenate/ha can raise wheat crops from a base level of
30-100 to 200-500 pg grain-Se/kg. Is this as high as required? It could be considered a
minimum target level in view of the estimated 300 pug Se level of a loaf of wholemeal
bread made from this wheat. The consumption of this bread over a week would
significantly increase an individual’s Se intake.

There are no published studies of Se fertilisation of wheat in Australia. Conditions here
are very different to those in Europe and Canada, where most studies have been
conducted. Higher grain Se concentrations than those found above may be obtained in
Australian-grown wheat, where soils are mostly alkaline and yields usually lower. Our
group is currently conducting field trials to assess different application methods and rates
of selenate on wheat in South Australia.

Wheat breeding to increase grain selenium density

The extent of human micronutrient malnourishment. Around half of the world’s
population is malnourished. More than two billion people consume diets that are less
diverse than 30 years ago, leading to deficiencies in micronutrients, especially iron, zinc,
iodine and Se, and also vitamin A. In some regions almost everyone suffers from some
form of “hidden hunger”. In South-East Asia, for example, it is estimated that iron
deficiency affects 98.2% (around 1.4 billion) of the people (World Health Organisation,
1999).

Cereals are generally low in micronutrients compared to other food crops, thus cereal-
dominated food systems are low in micronutrients. The people most at risk are resource-
poor women, infants and children. Graham et al. (2001) concluded that a new agricultural
paradigm is needed to address global micronutrient malnutrition: “...an agriculture which
aims not only for productivity and sustainability, but also for balanced nutrition, or what

we have called the productive, sustainable, nutritious food systems paradigm” (Graham et
al. 2001).

Breeding for higher nutrient density in staple crops. Programs which include fortification,
education and supplementation have been successful in countering micronutrient
deficiencies in certain cases and will continue to play a role. However, they tend to be
expensive, require ongoing inputs and often fail to reach all individuals at risk.
Furthermore, such programs themselves are at risk from economical, political and
logistical impacts (Gibson, 1994; Graham & Welch, 1996).

On the other hand, a strategy of breeding staple crops with enhanced ability to fortify
themselves with micronutrients offers a sustainable, cost-effective alternative, which is
more likely to reach those most in need and has the added advantage of requiring no
change in current consumer behaviour to be effective. It represents a strategy of “tailoring
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the plant to fit the soil” rather than the opposite, which is afforded by the soil fertilisation
approach (Graham et al. 2001).

Exploiting the genetic variation in crop plants for micronutrient density is likely to be an
effective method to improve the nutrition of entire populations. A four- to five-fold
variation was found between the lowest and highest grain iron and zinc concentrations
among wheat accessions studied at Centro Internacional de Mejoramiento de Maiz y Trigo
(International Maize and Wheat Improvement Centre) (CIMMYT), and the highest
concentrations were double those of popular modern varieties (Graham et al. 2001).
Moreover, wild, small-seeded relatives of modern bread wheats have been found with
50% more iron and zinc than the highest CIMMYT germplasm studied (Ortiz-Monasterio,
1998). If, for example, a wheat variety were identified which was both high yielding and
produced twice the grain Se density of most other varieties (i.e. 100 instead of 50 ug Se’kg
on a relatively low-Se soil), it could, assuming wheat supplies 50% of available Se
ingested in Australia, result in an increase in Se intake from the current estimate of 75
pg/adult/day to 113 pg/adult/d, with significant health benefits.

Graham ef al. (2001) emphasised the importance of combining nutrient density traits with
high yield. There is unlikely to be a premium paid for a higher quality product by
resource-poor consumers, so new, high-nutrient varieties must also be attractive to farmers
in terms of yield. In all the crops examined so far, it is possible to combine high
micronutrient density with high yield. These authors also stress the importance of
bioavailability: will the added nutrients be sufficient to have a significant effect on human
nutrient status? As discussed above, wheat-Se is highly bioavailable.

A benefit-cost analysis of a breeding approach to increase wheat grain Zn density in
Turkey, using very conservative assumptions and current dollar values, estimated that
costs of US $13 million would produce benefits of US $274 million (economic only, with
no account taken of improved health and quality of life), a favourable benefit-cost ratio of
21 (Graham et al. 2001). In contrast, conventional fortification requires yearly funding,
and if the investment is not sustained, the benefits cease.

Screening and selection; the importance of genotype-environment interaction. In the
screening phase of a breeding program, genotype-environment interaction needs to be
relatively low for a breeding approach to be viable. Field trials where different genotypes
are grown at the same site in the same season should enable comparison of genotypes.
Ideally, trials should be conducted for two years at the same site, as different grain nutrient
levels of genotypes grown on different soils can even be reflected in the first-year grain
harvested. Furthermore, the variability in soil availability for micronutrients is generally
much greater than that for macronutrients (Graham, 1991), hence field trials need to be of
limited area to reduce spatial variability; paired-plots, where each replicate comprises
adjacent treatment and control plots, can be a useful technique.

A major gene together with several minor additive genes are likely to control the uptake of
nutrients into crop plants, and another group of genes, also featuring a major gene, appear
to control grain loading (Epstein, 1972; Ripperger & Schreiber, 1982; Graham, 1984). In
selecting for grain selenium density, both high uptake from the soil and high capacity to
move selenium from the vegetative tissues to the grain are required. However, as
selenium is not known to be essential for higher plants, agronomic efficiency may not be
involved. Nevertheless, an increase in loading efficiency into the grain is desirable. This
could be achieved by the endogenous chelator of Se in the phloem which increases Se
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transport to the inflorescence, or by more transporters at the plasma membrane at
unloading or uptake into the grain.

Gene technology, including the use of molecular markers (CDNA, restriction fragment
length polymorphisms, amplified fragment length polymorphisms and randomly amplified
polymorphic DNA) for the mRNA expressed by efficiency and grain-loading genes,
provides an alternative to conventional plant breeding as a means to enhance micronutrient
density in cereals (Graham ez al. 1997). The introduction, for example, of a gene that
facilitates expression of the permease sulphate transporter would be likely to increase
uptake and transport of selenate.

Surveys of Se level in grains have suggested that environment may be more important
than genotype in determining grain Se density. The Queensland study of Noble & Barry
(1982), discussed above, found differences in Se concentration in wheat of up to 100-fold
at different sites, but little difference between wheat varieties. The maximum variation for
both species and varieties at any site was 5-fold. A Japanese study found that Se levels in
rice grown in different parts of the country varied from 11 to 182 pg/kg. A significant
difference was found between levels in rice from different districts, but not between
different rice varieties grown on the same soil (Yoshida & Yasumoto, 1987). Our group
has found up to a six-fold variation in grain-Se concentration in one wheat cultivar at a
trial site in South Australia.

Genotypic differences were apparent, however, in a study of Se in hulled (spelt and emmer
accessions) and modern bread and durum wheats, grown together. The hulled wheats had
higher concentrations of Se, Li, Mg, P and Zn. Five spelt accessions had twice the Se
concentrations of emmer, and from 2 to 8 times those of normal wheat (Piergiovanni et al,
1997). This is in contrast to the findings of Grela (1996), who observed no Se differences
between spelt and wheat. It is not clear at this stage whether sufficient genetic variability
for grain Se density exists between wheat cultivars to enable selection for this trait, and
further research is proceeding.

Conclusion

Research results continue to illustrate the importance of selenium in human health, in
particular its anti-inflammatory, anti-cancer and anti-viral activities. It is evident, due
mainly to its poor availability in many soils, that as many as one billion people may be Se-
deficient. The vast majority of the world’s population would receive well below the level
needed to maximise cancer prevention, which is likely to be within the range of 125-280
pg/adult/d, depending on gender, pregnancy and exposure to oxidative stress. The average
Australian adult would ingest around 75 pg Se/d.

Se levels in Australian wheat are generally moderate, but due to widespread wheat
consumption and the high bioavailability of selenium in wheat, this source probably
accounts for nearly half the Se utilised by Australians. An increase in the Se content of
wheat grain is likely to be the most cost-effective method to increase Se levels in the
human population. A substantial increase in population Se intake may result in decreased
rates of several important cancers, cardiovascular disease, viral disease sequelae, and a
range of other conditions that involve oxidative stress and inflammation, with resultant
reductions in health costs.
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The most promising strategies to increase Se in wheat appear to be biofortification by Se
fertilisation and breeding wheat varieties with superior ability to accumulate Se in the
grain. Studies in Europe and North America have shown that the addition of as little as 10
g Se/ha can increase grain Se level by up to 0.40 mg/kg. However, studies are needed to
determine the most efficient methods for Australian conditions, and to determine the
extent of genetic variability for grain Se accumulation.

Furthermore, before recommending large-scale fortification of the food supply with Se, it
will be necessary to await the results of current intervention studies with Se on cancer
(including the SELECT and PRECISE trials), asthma and HIV/AIDS.
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Abstract

The metalloid selenium (Se) is ubiquitous in soils, but exists mainly in insoluble forms.
Consequently, it is often supplied by plants to animals and humans at levels too low for
optimum health. Se deficiency and sub-optimality are manifested in populations as
increased rates of thyroid dysfunction, cancer, severe viral diseases, cardiovascular
disease, and various inflammatory conditions. Se deficiency probably affects at least a
billion people. Optimal cancer protection appears to require a supra-nutritional Se intake,
and involves several mechanisms, which include promotion of apoptosis, and inhibition of
neo-angiogenesis. In some regions Se is declining in the food chain, and new strategies to
increase its intake are required. Se levels in healthy Australians are generally above the
estimated global average but below an estimated optimal intake. Increasing the Se content
of wheat, which supplies around half the dietary Se of most Australians, represents a food
systems approach that would increase population intake, with likely improvement in
public health. The strategy that shows most promise to achieve this is biofortification of
wheat with selenate. Before recommending large-scale fortification of the food supply
with Se, it will be necessary to await the results of current intervention studies.

Keywords: selenium, biofortification, wheat, disease prevention

Introduction

Ever since Se was recognised as an essential nutrient, a voluminous literature has
accumulated which describes the profound effect of this element on human health. The
findings of recent human intervention trials 12 have stimulated interest in a cancer-
preventive role for Se. In addition to its cancer preventive capacity, Se has an anti-viral
effect.>* Given the high global incidences of HIV, hepatitis B and C, and other RNA
viruses, including measles and influenza, the public health implications of selenium
deficiency - estimated to affect more than a billion people’ - and suboptimality are
enormous.

Several comprehensive reviews have examined Se and human health®®, including that of
Combs (2001), who discusses Se in humans within a food systems context and makes the
distinction between selenium’s normal metabolic roles and its anticarcinogenic activity at
supra-nutritional levels.”

It is important to note that the biological actions of Se are not properties of the element per
se, but rather are properties of its various chemical forms. Inorganic Se forms (selenate,
selenite) undergo reductive metabolism, yielding hydrogen selenide, which is incorporated

1



into selenoproteins. Successive methylation of hydrogen selenide detoxifies excess Se.
Selenomethionine can be incorporated mnon-specifically into proteins in place of
methionine, and selenocysteine is catabolised to hydrogen selenide by a beta-lyase.’

This review summarises briefly the roles of Se in soils, plants and animals. The
importance of Se in human health is discussed, followed by Se intake by humans, with a
focus on Australia. The review then examines wheat as an important source of
bioavailable Se, and discusses biofortification, a promising strategy to increase organic Se
concentration in wheat grain.

Background

Soil Se is uneven in distribution and availability: concentrations range from less than 0.1
to more than 100 mg/kg; however, most soils contain between 1.0 and 1.5 mg/kg.9 In
general, total soil Se of 0.1 to 0.6 mg/kg is considered deficient. Soils in New Zealand,
Denmark, Finland (pre-1984, before Se was added to fertilisers), central Siberia, and a belt
from north-east to south-central China are notably Se-deficient and hence have sub-
optimal levels in their food systems.s’lo’11 Large areas of Africa, including much of Zaire,
are also likely to be Se-deficient, but further mapping is required. On the other hand, parts
of the Great Plains of the USA and Canada, Enshi County in China, and parts of Ireland,
Colombia and Venezuela are seleniferous.®

In acidic, poorly aerated soils, Se is relatively unavailable to plants and occurs mainly as
insoluble selenides and elemental selenium. In lateritic soils, which have a high iron
content, it binds strongly to iron to form poorly soluble ferric hydroxide-selenite
complexes.12 In wetter regions, selenate can be leached from the soil, resulting in
selenium-deficient areas, for example New Zealand and Tasmania.’ The availability of
soil Se to crops can be affected by irrigation, aeration, liming and Se fertilisation."

Australia has both high- and low-Se soils and large areas that have not been mapped for
the element. Seleniferous soils occur in central Queensland and parts of Cape York
Peninsula. Se deficiency in Australia usually occurs on acidic soils with more than 500
mm rain per year, such as the Central and Southern Tablelands and Slopes and the
Northern Tablelands of New South Wales, the south-eastern coast of Queensland, south-
west Western Australia; coastal and central regions of Victoria, much of Tasmania, and
South Australia’s Mount Lofty Ranges and Kangaroo Island (see Fig. 1).51
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Figure 1. Selenium in Australian soils'

The Se contents of plants vary according to available soil Se and plant species. For
example, wheat grown in Shaanxi Province, China may have 0.003 mg/kg Se in the grain,
compared to 2.0 mg/kg for wheat from the North or South Dakota wheatlands.” Wheat
from highly seleniferous areas of South Dakota may contain more than 50 mg/kg Se (Prof.
G. Combs, pers. comm. 7™ June 2002), while Astragalus on the same soils may
accumulate up to 15,000 mg/kg dry weight.16

Because Se is an essential nutrient, animals respond positively to it where their diet
contains less than 0.1 mg/kg Se in dry matter.!” Conditions which are related to Se
deficiency, some of which occur on a wide scale in certain countries, include white muscle
disease, exudative diathesis, pancreatic degeneration, liver necrosis, mulberry heart
disease, and ill-thrift. Se deficiency is usually not the only cause of these diseases.’

Selenium: essential for human health

Selenium deficiency diseases

In parts of China and eastern Siberia two overt Se-deficiency diseases occur: Keshan
disease and Kaschin-Beck disease. Keshan disease occurs mainly in children and women
of child-bearing age and involves impairment of cardiac function, cardiac enlargement and
arrhy“thmia.6 The disease’s aetiology is likely to be complex, involving Se and vitamin E
deficiencies, and presence of the Coxsackie B virus.'® %

Kaschin-Beck disease is an osteoarthropy which manifests as enlarged joints, shortened
fingers and toes, and in severe cases dwarfism. Se and vitamin E deficiency ° and iodine
deficiency *! are likely to be predisposing factors whereas fulvic acids in drinking water =
or mycotoxins in food 23 are probable causes.



Antioxidant, anti-inflammatory, thyroid and immunity roles

Selenocysteine, the 21% amino acid, is present in selenoproteins, which have important
enzyme functions in humans. Glutathione peroxidase (of which at least five forms exist)
has an antioxidant role in reducing damaging hydrogen peroxide and lipid/phospholipid
hydroperoxides produced in eicosanoid synthesis by the lipoxygenase and cyclo-
oxygenase pathwsq;s.24 This function reduces damage to lipids, lipo-proteins and DNA,
and hence reduces risk of cardiovascular disease and cancer.>>*® Moreover, selenite
inhibits tumour necrosis factor-alpha-induced expression of adhesion molecules that
promote inflammation.”’

There is a growing body of evidence to suggest that Se (especially in the sodium selenite
form) can alleviate conditions associated with high levels of oxidative stress or
inflammation. These include asthma,”®* diabetes,> arthritis,®' muscular dystrophy,32
cystic fibrosis,> acute pancreatitis,34 osteoarthritis,”> systemic inflammatory response
syndrome 36 and kwashiorkor.”” In addition, Schrauzer (1998) discusses the application of
selenite therapy to viral haemorrhagic fever, acute septicaemia and lyrnphoedema.38
Another group of selenoenzymes, the thioredoxin reductases are involved in reduction of
nucleotides in DNA synthesis, regeneration of antioxidant systems, and maintenance of
intracellular redox state.”

The thyroid gland has the highest Se concentration of any human organ,” and Se is
involved in thyroid metabolism through the iodothyronine deiodinases, which catalyse the
production of active thyroid hormone, T3, from thyroxine, T4.*' The iodine deficiency
diseases goitre and myxoedematous cretinism are more prevalent in central Africa in those
regions which are deficient in both iodine and Se,*? and in such areas supplementation
with both nutrients is indicated.

Se has a role in many aspects of the immune response to infections. Se deficiency reduces
immunocompetence, involving impairment of neutrophil, macrophage and
polymorphonuclear leukocyte activity.z“"i3 “4 Qe supplementation of even supposedly Se-
replete individuals is immunostimulatory, and involves enhancement of natural killer cell
and lymphocyte activity as well as enhancement of proliferation of activated T-cells.®’

Cancer

There is “perhaps no more extensive body of evidence for the cancer preventive potential
of a normal dietary component than there is for selenium.” From the late 1960s,
epidemiological studies have suggested an inverse association between human Se intake
and cancer mortality.”® An extensive literature documents the numerous in vitro and
animal studies that have been conducted during the past 35 years. Most demonstrate that
application or intakes of Se at supranutritional levels can inhibit tumorigenesis.“'48
Prospective cohort and case-control studies that have involved as many as 34,000 people
have generally shown an association between low Se status and a significantly higher risk
of cancer incidence and mortality. "'

Intervention studies using Se as a single chemopreventive agent include the Qidong trials
in China, where selenite significantly reduced primary liver cancer,” and the Nutritional
Prevention of Cancer (NPC) trial in the US, where 200 micrograms (#.g) of Se per day (as
yeast) reduced total cancer mortality by 41%, total cancer incidence by 25% and prostate
cancer incidence by 52% in a cohort of 1,300 people. The effect on total cancer was
limited to male smokers (current or previous) with baseline Se levels below 113 pg/l,
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although non-smoking males below this level are likely to have benefited from Se
supplementation in terms of prostate and colon cancer protection.5 i

The NPC trial was conducted in a region of the US where Se intakes are estimated to be
around 90 pg/day, well above the level required for optimal selenoenzyme activity. This
suggests additional mechanisms in Se’s cancer preventive role. While some cancer
protection, particularly that through antioxidant activity, involves selenoenzymes, the anti-
cancer effects of Se are likely to involve the production of specific anti-tumorigenic
metabolites, such as methylselenol. Studies have suggested that Se provided in certain
forms can neutralise carcinogens, enhance the immune system, alter gene (including p53)
expression, inhibit tumour cell metabolism and neo-angiogenesis (blood vessel
development around tumours), and promote apoptosis (programmed cell death). SgA=E

According to this two-stage model of cancer prevention, which involves Se intakes that
correct nutritional deficiency as well as much higher, supranutritional intakes, individuals
with nutritionally adequate Se intakes may benefit from Se supplementation.46 Se’s anti-
cancer activities remain under intensive study worldwide.

Viral and mycobacterial diseases

Se deficiency is associated with increased virulence of a range of viral infections.®® It is
evident that in a Se-deficient host, normally harmless viruses can become virulent. For
example, when Se-deficient mice are inoculated with benign Coxsackie B3 virus, the virus
mutates into a virulent form that causes myocarditis similar to that seen in Keshan
disease. 592 Furthermore, Se-deficient mice develop severe pneumonitis when infected
with a mild strain of influenza virus.*®

Se appears to be of particular importance for people with HIV. Se deficiency is a
significant predictor of HIV-related mortality 6364 and viral load.* A US study found Se-
deficient HIV patients to be 20 times more likely to die from HIV-related causes than
those with adequate levels.” The decline in blood Se levels occurs even in the early stages
and is thus unlikely to be due to malnutrition or malabsorption.66 Moreover, a study of
HIV-1-seropositive drug users found low Se level to be a significant risk factor for
developing mycobacterial disease, notably tuberculosis.”’

Se also appears to be protective in people infected with hepatitis B or C against
progression to cirrhosis and liver cancer.' Selenoproteins encoded by HIV, hepatitis C
virus and the Ebola virus (which causes acute haemorrhage) have been discovered that
consume the host’s Se supply, thus reducing immune response.68’69

Other health effects

Low Se status has long been known to reduce fertility in livestock, ® and this also appears
to be the case for humans. Low Se levels have been associated with male infertility " and
spontaneous abortions.”” In a Scottish study, supplementation of subfertile men with 100
pg of Se per day for three months significantly increased sperm motility.”

Se appears to be influential in the brain, and several studies that indicate low Se levels are
associated with cognitive impairment, depression, anxiety and hostility.” These conditions
can be alleviated in individuals with low baseline Se levels by Se supplementation.
Recent studies suggest that selenoprotein P,”* selenoprotein W 7> and selenoprotein M e
have important roles in the brain.



Se forms selenides with all metals, and detoxifies mercury, cadmium, lead, silver, thallium
and arsenic. This effect can be enhanced by vitamin E.” In the case of cadmium and
mercury, detoxification is achieved through the diversion in their binding from low to high
molecular weight proteins.78

Human selenium intake

Selenium intake: low and getting lower

The absolute range of global daily Se intake by adults is around 7 (in Chinese Keshan
disease areas) — 5,000 ug/day (in Chinese selenosis areas). Estimates provided of Se
intake (in pg/day) for several countries include England (12-43), Belgium (45), Canada
(98-224), USA (60-220), Croatia (27), New Zealand (19-80), Japan (104-127) and
Venezuela (200-350).5 Tn Australia few comprehensive studies have been conducted, but
estimates of 63 and 96 pg/day have been provided, with a range of 23-204.%" In view of
the estimated mean plasma level of Se in Australian adults of 89 pg/l, a mean intake of
around 75 pg/day appears likely for Australians.

The US Recommended Daily Allowance, which is based on the Se levels considered to be
necessary to maximise glutathione peroxidase activity, is 55 pg/day for both men and
women, while in Australia it is 85 and 70 pg/day for men and women, respectively. It is
evident that many people do not consume enough Se to support maximum expression of
selenoenzymes (80-90 pg/day), let alone the level required for optimum prevention of
cancer. It is likely that the vast majority of the world’s population have suboptimal Se
intakes,’ and hence are at increased risk of cancer, heart disease, viral diseases, and indeed
any conditions which involve increased levels of oxidative stress.

Furthermore, evidence suggests that there is a trend toward a reduction of Se in the global
food chain, caused by fossil fuel burning (involving sulphur release), acid rain, soil
acidification, the use of high-sulphur fertilisers 8 and more intensive crop production.13
Blood Se levels have decreased significantly in the United Kingdom from 1984 to
1994,7%8182 and current average Se intake in the UK may be as low as 34-39 ;,Lg/day.g3’84
This fall is attributed largely to the use of low-Se UK and European wheat in place of
North American wheat. This highlights the sensitivity of Se intake and body levels to
changes in the food supply. Prominent researchers Margaret Rayman 88! and Edward
Giovannucci o2 have called for action to increase Se intake.

Human blood concentrations of selenium: the global view

Blood Se levels are determined mainly by dietary intake, although sex, age, smoking and
exposure to heavy metals can have a minor effect.®> Combs (2001) presents a
comprehensive list of Se concentrations in plasma, serum or whole blood of healthy adults
from 69 countries, of which a sample of plasma/serum Se concentrations (in pg/l) follows.
Notc that there are few data available from some of the most populous areas of the world,
including most of Africa, South America and central and south Asia: Austria (67), Burundi
(15), Canada (132), China-Keshan disease area (21), China-selenosis area (494), Finland
pre-1984 (70) and post-1984 (92), Hungary (54), Japan (130), New Zealand (59), Norway
(119), USA (119) and Zaire (27).° The mean value (calculated as the mean of the means
for each of the 69 countries) is 83 ug/l, with a range of means of 15 (Burundi)-216
(Venezuela). However, this is likely to be optimistic as small studies of Se levels in much
of Africa and central, south and South-East Asia indicate levels well below this.



Selenium levels in the Australian population

An estimate of 93 pg/l of plasma/serum Se for Australia can be derived from the means
determined from 18 studies of blood Se levels. If post-1990 data only are used, the mean
is 89 pg/l. Using either mean, Australia is above the estimated world mean reported Se
level of 78 pg/l. A large sample of Adelaide blood donors with mean age of 49 years had
a mean plasma Se concentration of 103 pg/1 in 2002 (Lyons et al, unpublished).

However, low blood Se levels have been reported in Adelaide infants: a plasma Se level of
around 31 pg/l (SD 13) in a sample of newborn infants, similar to New Zealand levels.®
Infant Se levels are typically half those of adults. The reported level places the infants at
increased risk of a range of conditions that involve oxidative stress and inflammation.

Optimum selenium intake

In the NPC trial in the US, the protective effect of Se against cancer occurred in the lowest
(relative risk [RR] of 0.52, 95% CI: 0.33-0.82) and middle (RR 0.64, 95% CI 0.40-0.97)
tertiles, which included those people with plasma Se levels below 121 pg/1,¥" and the latest
analysis shows that the Se benefit was largely restricted to male smokers with baseline
plasma Se level below 113 ug/l. The strongest protective effect was against prostate
cancer, with a hazard ratio of 0.48 (95% CI: 0.28-0.80).>% None of the subjects had plasma
Se levels below 60 pg/l and very few were less than 80, thus the cohort must be
considered Se-adequate by current nutritional standards.”

Although there is a risk in generalising results of individual epidemiological and
intervention studies, this result would suggest that the vast majority of the world’s
population (including that of Australia, with a probable mean plasma/serum level around
89 ug/l, and many populations in Europe’) would be in the responsive range.

The NPC participants lived in a region where dietary Se intake is around 90 ug/day,1 thus
with the addition of the 200 g supplement, individuals in the treatment group would have
received around 270-310 pg/day. A Se intake of 200-300 pg/day may be required to
significantly reduce cancer risk.” This compares with an estimated Australian adult intake
of 75. Of course, Se requirement varies between individuals in the same population.7
Even Moyad (2002), who expresses doubts about the interpretations of certain Se studies,
and considers some estimates of its cancer protective effect to be optimistic, suggests that
an intake of 200 pg/day Se and around 50 mg/day of vitamin E may be beneficial,
particularly for current or previous smokers.®® The results of the NPC trial suggest that
males may have a higher Se requirement than females.”? Further studies may find
optimum adult Se intakes in the range 125-280 pg/day, with means of around 130 (F) and
250 (M)g.9 Pregnant females may have a higher Se requirement than non-pregnant
females.

Chronic selenosis occurs in Enshi County, China where coal-contaminated soil contains
up to 8 mg/kg Se, and residents have consumed up to 7 mg per day. Common symptoms
include nail thickening and cracking and hair loss, and some people exhibit skin
lesions.”®! The concern that the incorporation of selenomethionine into body proteins
could increase Se to toxic levels appears unwarranted because a steady state is established,
which prevents the uncontrolled accumulation of Se.”?

Combs (2001) considers it likely that the WHO and EU estimates of the upper safe limit of
Se intake of 400 and 300 pg/adult/day, respectively, are too conservative.” Under normal
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conditions, a Se intake of less than 1,000 pg/day (or 15 pg/kg bodyweight) does not cause
toxicity.®*”*® People in parts of China, the US, Venezuela and Greenland have ingested
Se at this level for their entire lives without ill effects.’

It is unlikely that the food system of any country, with the possible exception of
Venezuela, delivers an optimum level of Se to its population, and indeed the food systems
of most populations do not even provide enough Se to maximise selenoenzyme
expression. The impact of this deficiency and suboptimality in global health terms is
difficult to quantify, but is likely to be enormous given the high prevalence of various
cancers, cardiovascular diseases, viral diseases (including AIDS, hepatitis, measles and
influenza), and exposure to environmental pollutants throughout much of the world. It is
thus a matter of urgency that many countries begin to address this major public health
issue and develop effective, sustainable ways to increase Se intakes.

Strategies to increase human selenium intake

Given that the populations of most countries would be likely to benefit from an increased
Se intake, how could this be best achieved? Strategies to increase Se intake include
increased consumption of higher-Se foods (such as Brazil nuts, bread, cereals meat, fish)
through education; individual supplementation (with selenomethionine, selenite, Se-yeast);
food fortification (eg sodium selenite added to salt in low-Se regions in China);
supplementation of livestock (eg sodium selenate added to New Zealand pastures); Se
fertilisation, or more correctly agronomic biofortification, of food crops (see below for
further discussion), and plant breeding for enhanced selenium accumulation.

Wheat: an important selenium source for humans

Surveys suggest that wheat is the most efficient Se accumulator of the common cereal
crops (wheat, rice, maize, barley, oats) and is one of the most important Se sources for
humans. In a Russian survey, serum Se level was found to be highly correlated (r = 0.79)
with Se level in wheat flour,”® and bread has been found to supply one-third of the daily
Se intake of Australian children.”’ With the addition of Se supplied through breakfast
cereals, cake and biscuits, and in view of its high bioavailability, wheat-Se probably
supplies around half the Se utilised by Australians.

Selenium concentrations in wheat grain
The global view

There is wide variation in wheat grain Se level between and within countries, reflecting
variability in available soil Se concentrations. Published values range from 1 pg/kg in
south-west Western Australia °° to 30,000 pg/kg in highly seleniferous areas of South
Dakota,”’ but most of the world’s wheat falls within the 20-600 pg/kg range.100 Canada
and the US have relatively high levels, usually in the 200-600 pg/kg range.(’ New Zealand
and Ea%?rn Europe generally have low levels, for example the 28 ng/kg average found for
Serbia.

Selenium in Australian wheat

Four published surveys of Se concentrations in Australian wheat have been identified.
These studies sampled wheat grown from 1974 to 1982 and, excluding a study in a very
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low Se area in south-west Western Australia,”® provide a combined mean of 146 peg/kg
(range 20—800).102 A targeted survey of wheat grown in South Australia in the 2000 and
2001 seasons yielded a mean of 155 pg/kg (range 5-700), but a lower median of 100
pg/kg. Furthermore, levels were highly variable, with a ten-fold difference in grain Se
concentration recorded in replicates of a single cultivar grown at one trial site (Lyons et al,
unpublished). These surveys suggest that, like blood Se levels, Australian wheat grain Se
concentrations are generally above the global average. They are well above New Zealand,
United Kingdom and Eastern European levels, but lower than those of Canada and the
USA.

High bioavailability of wheat-selenium

In human nutrition terms, bioavailability can be defined as the amount of a nutrient in a
meal that is absorbable and utilisable by the person eating the meal.!® Se is well absorbed
(generally 73-93%) from most sources, with selenomethionine and selenate usually
absorbed more efficiently than selenite.'**1%°

If tissue retention is used as a measure, naturally occurring food Se is by far the most
available form of the element, although there are significant differences between different
types of food. Se form is important: selenomethionine, the form in which Se mainly
oceurs in cereals, % beans, mushrooms and yeast,6 enters the general protein pool and is
well retained. However, it must be released from the protein pool and be catabolised to
hydrogen selenide before it can support selenoenzyme expression. Selenocysteine, on the
other hand, cannot be incorporated directly into proteins, but is catabolised directly to
hydrogen selenide. It is thus better utilised for selenoenzymes but not retained as well as
selenomethionine.>'*"1%

Se is generally more bioavailable from plant forms than from animal foodstuffs,'*''* and
wheat Se is one of the most bioavailable forms.''P''?  Norway’s population, despite a
modest total Se intake, has the highest serum Se level in Europe at 119 pg/l. The probable
explanation is that their major selenium source is North American wheat."'

The foregoing evidence suggests that for many countries an increase in Se concentration in
wheat would be the most effective and efficient way to increase the Se intake of the
human population, with consequent likely improvement in public health, and also to
reverse the trend of declining Se levels in food systems. Moreover, it is clear that
agronomic Se biofortification of wheat is an effective means to increase grain Se

concentration.™ .

Agronomic selenium biofortification

To overcome the low Se levels in food crops in certain areas, different methods of Se
biofortification have been investigated for more than 30 years. Of particular interest are
the experiments of Ylaranta, Gissel-Nielsen and Gupta in Finland, Denmark and Canada,
respectively. It is a very inexpensive method to increase Se intake by humans: the
material cost of applying 10 g/ha of selenate is around A$2/ha. Its effectiveness is
illustrated by the increase in blood Se levels in Finland post-1984. The Se level in all
domestic cereal grains in Finland pre-1984 was 10 pg/kg or less; now spring wheats
typically contain around 250 pg/kg, and for the less-fertilised winter wheat, around 50
p,g/kg.115 Current application rates vary from 5-10 g selenate/ha, and the practice appears
to be safe.



The concern that continuing use of selenium-amended fertilisers might eventually lead to
accumulation of toxic levels in the environment appears to be unfounded.'®""”  The
residual effect of Se treatments was found to be low to negligible in the following year,
even when it had been applied at the high rate of 500 g/ha.13’118'124 Furthermore, the
bioavailability of residual selenium is lowered by the reducing action of micro-organisms
in the soil and rumen. In New Zealand, where Se fertilisation has been practised for over
30 years, no Se build-up has occurred, and positive responses continue to be obtained from
Se application.116 It would appear that risk of environmental Se accumulation due to
responsible agricultural use is low.

Most studies have shown selenate, whether applied to the soil or to the leaves, to be much
more effective than selenite.!>!*'2* For example, a grain Se content of 100-200 pg/kg in
barley was obtained by applying 10-20 g/ha of selenate, but over 100 g/ha of selenite was
required to reach this level.'®® In many soils, selenite is readily adsorbed on clay colloids
and becomes unavailable to plants.

The relative effectiveness of soil or foliar application of Se depends on Se form, soil
characteristics, method of basal application, and time of foliar application. Ylaranta found
basal and foliar selenate to be equally effective at the low (10 g/ha) rate, foliar better at 50
g/ha, and both equal at the high rate of 500 g/ha.123 In further trials, foliar selenate
application was generally found to be the more effective method, except where growth
was poor due to low rainfall.'>* This suggests that, for most of Australia’s wheatgrowing
areas, basal application may be preferable, especially where foliar nitrogen (to which
selenium could be added) to boost growth or protein is not used. Our own trials in South
Australia have confirmed this (Lyons et al, unpublished). F urthermore, at the Se levels
used for biofortification (5-100 g/ha) it is unlikely that there would be any phytotoxic
effects, including growth inhibition.

The question arises as to what is a desirable target level for Se in wheat grain. A
concentration of around 1 mg/kg (1,000 pg/kg) could be considered desirable in a “high-
Se” breakfast cereal, flour, pasta or bread, as it is well within food regulatory guidelines
and, based on average consumption, would significantly increase a consumer’s daily Se
intake. On the other hand, a nutripreventive anti-cancer “functional food” could be based
on wheat containing 10 mg/kg Se. In a US trial that investigated the effect of different Se
forms on the proliferation of colon cancer precursors in carcinogen-treated rats, high-Se
wheat (around 10 mg/kg) sourced from South Dakota was the most effective anti-cancer
treatment. This wheat, which provided 2 mg Se/kg of diet, reduced the number of aberrant
crypts by 48%, compared to 36% for high-Se broccoli while there was no effect for
sodium selenite.* Further animal trials to investigate the effect of high-Se wheat on
different cancers are warranted.

Conclusion

Research results continue to illustrate the importance of Se in human health, in particular
its anti-inflammatory, anti-cancer and anti-viral activities. It is evident, due mainly to its
poor availability in many soils, that at least a billion people may be Se-deficient.
Furthermore,the vast majority of the world’s population would receive well below the
level needed to maximise cancer prevention, which is likely to be within the range of 125-
280 pg/adult/day, depending on gender, pregnancy and exposure to oxidative stress. The
average Australian adult would ingest around 75 ug Se/day.
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Se levels in Australian wheat are generally higher than the world average. Due to
widespread wheat consumption and the high bioavailability of selenium in wheat, this
source probably accounts for nearly half the Se utilised by Australians. An increase in the
Se content of wheat grain is likely to be the most cost-effective method to increase Se
levels in the human population. A substantial increase in population Se intake may result
in decreased rates of several important cancers, cardiovascular disease, viral disease
sequelae, and a range of other conditions that involve oxidative stress and inflammation,
with resultant reductions in health costs.

The most promising strategy to increase Se in wheat appears to be agronomic
biofortification. Studies in Europe and North America have shown that the addition of as
little as 10 g Se/ha can increase grain Se level by up to 400 pg/kg.

Before recommending large-scale fortification of the food supply with Se, it will be

necessary to await the results of current intervention studies with Se on cancer (including
the SELECT and PRECISE trials), asthma and HIV/AIDS.
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Abstract

The essential trace element selenium (Se) has a number of critical roles in humans,
including catalysing the production of active thyroid hormone, countering oxidative stress,
lowering cancer risk and protecting against serious viral disease sequelac. While Se
deficiency diseases have been recognised for several decades, there is mounting evidence
that less overt deficiency can cause adverse health effects, and that supranutritional intakes
may provide additional protection from disease. In healthy sub-groups of the South
Australian population sampled from 1977 to 2002 (total sample size 834), whole blood
and plasma Se concentrations were well above an estimated global mean, notwithstanding
an apparent 20% decline from the late 1970s to the late 1980s. Age and gender effects,
although not large, were statistically significant: plasma Se increased with age, and males
had higher plasma Se levels. Levels of copper, zinc, phosphorus, sulphur, sodium,
potassium, calcium, magnesium and iron in whole blood and plasma in the 2002 sample of
Adelaide blood donors were satisfactory and indicative of a healthy sample. Se was
weakly associated with calcium and phosphorus in plasma, and with sulphur in whole
blood. The mean plasma Se concentration of 103 ug/l found in the Adelaide, 2002 survey
is just above the estimated requirement for maximisation of selenoenzyme expression.
Only 8% of men in the 2002 survey were above 119 pg/l, a plausible target for maximum
cancer protection. Many Australians — and especially pregnant or lactating women,
infants, male smokers, men at increased risk of prostate cancer, and the frail elderly —
could benefit from increased Se intake. Se status can be improved by increased
consumption of Brazil nuts, wheat products, fish and meat; and by biofortification (for
example, by applying Se to wheat crops), careful supplementation, and reducing smoking.

Introduction

The trace element selenium (Se) is of profound importance for human health. Its
deficiency and sub-optimality (as defined by sub-maximal selenoenzyme activity) are
widespread and likely to be manifested in populations as increased risk of thyroid and
immune dysfunction, serious sequelae of RNA viral infections, cancer and various
inflammatory conditions (Rayman, 2002). Moreover, mounting evidence suggests that
supranutritional Se intakes provide additional protection against disease, in particular,
cancer (Combs, 2001; Duffield-Lillico et al, 2002; Rayman, 2002).



Rayman (2000, 2002) and Giovannucci (1998) observe that blood Se levels have
decreased in the United Kingdom during the decade 1984-1994, and current Se intake in
the UK may be as low as 37 pg/day (Barclay et al, 1995; MAFF, 1999). These authors
attribute this fall largely to the consumption of low-Se UK and European wheat in place of
high-Se North American wheat. This highlights the sensitivity of Se intake and body
levels to changes in the food supply. Also of concern in this context is a trend toward a
reduction of Se in the global food chain, possibly caused by fossil fuel burning (with
releasc of sulphur, a Se antagonist), acid rain, soil acidification (Se in low pH soils is less
available to plants), use of high-sulphur fertilisers (Frost, 1987) and more intensive crop
production (Gissel-Nielsen, 1998).

Whole blood, plasma or serum Se concentrations provide useful indicators of human Se
intake and status. Se concentration in plasma is around 94% of that in serum and around
80% of that in whole blood (Harrison et al, 1996; Zachara et al, 1988). Plasma Se is more
responsive than whole blood Se to current Se intake, so whole blood Se level has generally
been considered the more accurate measure of longer-term Se status. An Australian study,
however, found whole blood Se showed greater intra-individual variance (estimated by
measurements 12 weeks apart) than plasma Se (Lux & Naidoo, 1995).

Combs presents a comprehensive list of blood Se concentrations of healthy adults from 69
countries, of which a sample of plasma/serum concentrations (in pg/l) follows: Austria
(67), Canada (125), China - low-Se Keshan disease area (19), China — high-Se selenosis
area (494), Hungary (58), Japan (111), New Zealand (57), USA (124) and Zaire (27)
(Combs, 2001). Note that only data from studies published after 1990 were used to
provide the above figures. The mean value (calculated as the mean of the means for a
representative sample of 45 countries is 78 pg/l, with a range of means from 15 (Burundi)
to 125 (Canada). Median values were also calculated, and found to be very similar to the
calculated mean values. However, this overall mean value may be optimistic as small
studies of Se levels in much of Africa and central, south and South-East Asia (areas poorly
mapped for Se) indicate levels well below this.

The WHO reference level for Se is 70 ug/l, which is the minimum level for maximisation
of the selenoenzyme glutathione peroxidase activity in plasma or serum (Neve, 1995).
However, this value may be conservative: Rayman (1997) has quoted studies that show
that a level of 100 pg/l is required for optimal expression of plasma glutathione
peroxidase. The vast majority of the world’s population would not reach this level.

For Australia, an estimate of 92 ug/l (range 77-121) for adult plasma/serum Se can be
derived from the means of eleven published studies These are Agar & Hingston (1983),
Brock et al (1991), Cumming et al (1992), Daniels et al (2000), Dhindsa et al (1998),
Judson et al, 1978, 1982), Lux & Naidoo (1995), McGlashan et al (1996), McOrist &
Fardy (1989) and Pearn & McCay (1979). This places Australia above most countries in
population Se status.

However, relatively low plasma Se levels have been reported in Adelaide infants. Daniels
et al (2000) found a plasma Se level of around 31 pg/l (SD 13) in a sample of newborn
infants, a level comparable with New Zealand, a low-Se country. Infant Se levels are
typically half those of adults. These levels place the infants at increased risk of conditions
that involve oxidative stress and inflammation. Daniels et al observe that, given the
geographical variability in Se intake and blood levels and the sensitivity of these to
changes in the food supply, it is necessary to use local data to monitor Se status. They
also note the paucity of Australian Se data: most of the few published studies have
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involved small sample sizes. Clearly, more data are required to clarify the Se status of
Australians. Moreover, there are few recent published reports on human blood levels of
other mineral nutrients, including zinc, copper, magnesium and calcium.

The present study was undertaken to compare plasma Se levels in a sizeable sample of
healthy South Australians in 2002 with current global levels; compare 2002 South
Australian plasma and whole blood Se levels with previous South Australian Se surveys,
back to 1977, lo assess trends; asscss the relationships of blood Se concentration to
gender, age and other mineral nutrients, and discuss estimates of optimal Se status and
compare these with current South Australian Se levels.

Materials & Methods

Samples

2002 Survey

A total of 288 samples of whole blood were obtained (using 10ml Vacutainer glass tubes
with sodium heparin as coagulant) from blood donated at the Australian Red Cross Blood
Service (ARCBS), Adelaide from 26-28 June, 2002. Donor approval was obtained, and
age and sex of each donor provided. This group could be considered to be a relatively
healthy sample of the Adelaide population, having been screened free of infectious
diseases, and likely to be free of cancer.

Earlier Surveys

As noted above, human blood Se data collected by Judson et al (SARDI) from 1977-1988
(n=555) were included in the study. These include unpublished data from ARCBS donors
and published studies of employees of the Institute of Medical and Veterinary Science
(Judson et al, 1978) and Kangaroo Island residents (Judson et al, 1982). All of these
groups are of similar health status, mean age and age range to the 2002 sample. When the
data of all the surveys are combined, the total sample size of the study was 834 (444 M,
390 F), with mean age of 42 years and range 17-71 years. Collection of blood samples
from ARCBS was similar to that for the 2002 survey.

Laboratory procedures

2002 Survey

Samples were stored at 4°C until collection was completed. A sub-sample of 30 was split
for comparison of whole blood and plasma Se concentrations and for analysis of other
mineral nutrients in whole blood. The remaining samples were centrifuged for ten
minutes at 3,000 rpm, and plasma pipetted into 5Sml Sarstedt polypropylene tubes. The
remaining samples were stored at -20°C prior to digestion and analysis. The blood and
plasma samples (2ml) were digested with a nitric/perchloric acid mixture and diluted to
25ml with MilliQ water to give a final acid concentration of 5% perchloric acid. For
analysis of Se by hydride inductively coupled plasma optical emission spectrometry
(ICPOES), all Se must be in the Se (+4) state. To effect this conversion the digest
solutions (4ml) were diluted with 1ml concentrated perchloric acid and 5 ml concentrated
hydrochloric acid, heated at 90°C for 30 minutes, then the Se (+4) in the solutions was
reacted with sodium borohydride to convert it to hydrogen selenide (H,Se) which was
analysed as a part of the hydride ICPOES technique. The Method Reporting Limits
(MDL) for the blood and plasma samples using the hydride technique were calculated as
10 times the standard deviation for the reagent blanks multiplied by the overall sample
dilution ratio, thus the MDL = 6 pg/l. In addition to Se analysis, 27 whole blood samples
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and a subset of 90 plasma samples from the digests prepared above were further analysed
by normal liquid nebulisation ICPOES for nine mineral nutrients: iron, copper, zinc,
calcium, magnesium, sodium, potassium, phosphorus and sulphur.

Earlier Surveys

The Se analyses of the pre-2002 samples were conducted using the fluorimetric method
(Watkinson (1966) for the 1977 and 1979 surveys, and Koh & Benson (1983) for the 1987
and 1988 surveys), whereas the 2002 samples were analysed by ICPOES. To test the
validity of comparison of samples analysed by different methods, 30 of the plasma
samples were split and half sent to South Australian Research and Development Institute
(SARDI) Livestock Systems for fluorimetric Se analysis. The methods provided similar
results: fluorimetric: mean of 100 pg/l (SE 1.9), hydride ICPOES: 102 (SE 2.0), r = 0.96
(p<0.01). Thus, on the basis of analytical method, the earlier Se data can be compared
with the 2002 sample. Quality controls were whole blood and plasma samples of known
Se content.

Statistical analyses
Statistical analyses were conducted in two stages:

e Using all of the Se data from 1977-2002 and a linear mixed model, using fixed (age as
a covariate, and gender as a factor) and random (group) effects, the effects of age,
gender and group (and hence time) were examined. The Best Linear Unbiased
Predictor (BLUP) for the group effect was used to interpret the group effect. The
statistical model assumes normality with constant variance. The fixed effects were
tested using a Wald test, and the random effect with a Log-Likelihood Ratio test (both
tests distributed asymptotically as chi-square). All analyses were performed in S-
PLUS 2000.

e Using the sub-samples of whole blood (n=27) and plasma (n=90), the data were
examined for possible associations between Se and each of the 9 other mineral
nutrients. The method of analysis was a multiple linear regression using backward
climination. The maximal model included all nine explanatory variables, which were
then eliminated one by one using an F-test, until the contribution of every explanatory
variable in the model was significant at 5%. The significance of the coefficient of
each term in the final model was tested using a t-test.

Ethics approval

Ethics approval for the project was obtained from the University of Adelaide and ARCBS,
Adelaide.

Results

1. Adelaide plasma Se survey, 2002

A histogram depicting the distribution of plasma Se concentrations of a sample of
Adelaide blood donors (collected 26-28 June, 2002) is shown in Figure 1 below. This
depicts a Normal distribution skewed somewhat toward the higher levels. Most Se values
lie within the relatively narrow range of 86-110 pg/l
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Fig. 1. Distribution of plasma selenium concentrations: Adelaide survey, 2002

N=288 (149 males, 139 females). Age: mean 49 years (SD 11) (males 52, females 46),
range 17-71. Plasma Se: mean 103 pg/l (SD 11, SE 0.6).

2. South Australian human Se surveys, 1977-2002

Data from the six surveys that comprise this study are summarised in Table 1 and Figure 2
below.

Table 1. Summarised data from surveys of whole blood and plasma
selenium concentrations (pg/l) in South Australian residents, 1977-2002

Sample Survey Number
parameter

1 2 3 4 5 6
Collection Dec Feb Oct Oct July June
date 1977 1979 1987 1987 1988 2002
Description Adel' K Is* Adel MtGa® Adel Adel
N 117 30 96 103 200 288
Males 70 20 47 59 100 149
Females 47 10 49 44 100 139
Age mean 32 37 42 41 39 49

Age range 17-64 18-59 22-62  20-46 19-64 17-71
Whole

blood Se 152 143 123 121 122 125°

SD 27 17 20 20 18 20
Range 115-212 119-186 84-211 82-205 85-212  100-160
Plasma Se | 122° 114 98 96 91 103

SD 214 14* 15 14 12 11
Range 92-170*  95-149* 74-183 62-156 51-122  66-140

Notes over page.



1977-2002: mean age: 42 years; mean whole blood Se: 128 pg/l; mean plasma Se: 102
pg/l.

Hnstitute of Medical & Veterinary Science employees (Judson et al, 1978). The remaining
Adelaide samples (designated “Adel”) were Red Cross blood donors.

2Residents of Kangaroo Island, 70km S of Adelaide (Judson et al, 1982).

3Red Cross blood donors at Mount Gambier, 400 km S of Adelaide.

*Estimated values (based on 80% of whole blood Se concentration).
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N=28.

Whole-blood and plasma Se concentration means were similar for males and females
within samples. For example: Survey 1 whole blood (M 155 pg/l, F 155); Survey 6
plasma (M 103, F 103).

Mean blood Se levels from the South Australian Se surveys 1977-2002 are depicted in
Figure 2.

Blood Se levels in South Australian population samples:1977-2002

160 -

150 —e— Whole Blood Se

140 - —m—Plasma Se

130 -
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Blood Se ugll

110 -

100 -

90

80 . . . Y
1975 1980 1985 1990 1995 2000 2005

Year

Fig. 2. Trend in whole blood and plasma selenium levels: South Australia 1977-2002
From Table 1. Means with SE bars. Note that data from Surveys 3&4 (Adelaide & Mount
Gambier, 1987) have been combined.

Whole blood

The Survey effect was significant at the 5% level, indicating that the variation between
Surveys was significantly different from zero. Variance component = 184, which is 31%
of the total variation in the data. In terms of the BLUPs, Survey 1 has the highest above-
average effect, and Survey 2 is also above average. All other Surveys are below average,
with 4 being the lowest. This is evident by calculating the raw means. Mean whole blood
Se for individuals in Surveys 1&2 (1977/1979) is 153 pg/l, while for 3-6
(1987/1988/2002) it is 122, a decrease of 20% (see Figure 2 above). The age: gender
fixed effect (P=0.12), the gender effect (P=0.67) and the age effect (P=0.08) were not
significant at the 5% level.

Plasma
The final model found the Survey effect to be significant (variance component = 20.80,
which is 14.27% of the total variation in the data), which indicates that the variation
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between the Surveys is significantly different from zero. The Survey effect has found that
Surveys 3&6 have higher plasma Se levels than average, and Survey 5 has lower than
average plasma Se, with Survey 4 close to the average. Note that Surveys 1&2 were
excluded from this plasma Se analysis as they included whole blood data only.

The age:gender fixed effect was not significant at the 5% level (P=0.08). The age effect
was significant at the 5% level (P=0.008) and has an estimated slope of 0.095. This
indicates that plasma Se levcls rise as age increases. The gender effect was also
significant at the 5% level (P=0.01). The gender effect is that females are lower than
males: when age is equal to zero, the average plasma Se level is equal to 90.8 for females
and 92.9 on average for males. The slopes for each gender increase at the same rate of
0.095 (as two distinct parallel lines).

When Survey 6 (Adelaide, 2002) data are age-stratified (see Table 2 below), a trend
toward lower plasma Se is suggested in the youngest and oldest individuals. However,
greater numbers of people under 26 and over 69 years are required for this to achieve
significance.

Table 2. Plasma selenium in Adelaide 2002 sample
stratified for age

Agerange Meanage N Mean plasma
(years) (years) Se (ug/l)
17-25 214 14 95

26-69 49.9 270 104

70-71 70.3 4 93

3. Blood mineral nutrient analysis

Results of the ICPOES analyses of sub-samples of whole blood and plasma from the
Adelaide 2002 survey are presented in Table 3 below.

Table 3. Mineral nutrient levels in whole blood and plasma - Adelaide 2002

Nutrient Concentration (mg/l)

Whole blood Plasma

Mean Range Mean Range
Fe 480 360-590 2.8 1.3-7.3
Cu 0.95 0.72-1.7 1.2 0.49-2.8
Zn 6.1 4.9-7.4 1.2 0.92-1.6
Ca 59 49-68 99 91-108
Mg 34 28-40 21 17-26
Na 2029 1770-2200 2987 2700-3300
K' 1707 1470-1990 866 600-1350
P 351 310-390 132 101-173
S 1567 1410-1730 1171 1050-1360
Se 0.130 0.098-0.160 0.104 0.085-0.129

TThe potassium values are indicative only as a nitric/perchloric acid digest can cause

losses due to the precipitation of potassium perchlorate.



Sulphur was the only variable to significantly explain whole blood Se (P<0.001). A one-
unit change in S was associated with a 0.106 pg/l change in whole blood Se. The R-
square value for this regression equals 0.35, which indicates that only 35% of the variation

in Se concentrations is associated with variation in blood sulphur concentrations. The
small sample size for this analysis should also be taken into account.

The only variables that significantly explain plasma Se are calcium (P=0.036) and
phosphorus (P=0.007). A one-unit change in Ca was associated with a 0.743 pg/l change
in plasma Se (when all other terms are constant), and a one-unit change in P was
associated with a 0.193 pg/l change in plasma Se (when all other terms are constant). The
R-square value equals 0.143, which indicates a very poor fit, likely due to large variability
in the dataset.

Discussion

Global context

Data from surveys of healthy population samples were taken from the following
references to show how the new South Australian data relate to selected representative
global reference data (Bates et al, 2002a; Benemariya et al, 1993; Burk et al, 1992; Imai et
al, 1990; Marinov et al, 1998; Nomura et al, 2000; Robinson et al, 1997; Terrier et al,
1995). This comparison is shown in Figure 3 below.
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Fig. 3. Comparative plasma Se concentrations from around the world, placing the
new South Australian data in a global context of eight selected countries with both
higher and lower plasma Se concentrations

The mean plasma Se concentration of 103 pg/1 for the sample of Adelaide blood donors in
2002 is well above the WHO reference level of 70, the estimated global mean of 78, and
the mean (92) and median (88) of Australian published studies. However, it is just above
the estimate of 100 suggested by Rayman (1997) as necessary for optimal expression of
glutathione peroxidase, and 39% (11 1/288) of the sample were below this level.

Combs (2001) estimates the number of Se-deficient people in the world to be in the range
of 500-1,000 million. As well, he considers that the vast majority of the world’s
population have suboptimal Se intakes, and hence are at increased risk of cancer, heart
disease, viral diseases, and indeed any conditions which involve increased levels of



oxidative stress. Low Se intakes in much of Africa may be a reason why HIV has spread
much faster there than in North America (Foster, 2003).

Determinants of Se status

Se status, which can be defined as the total content of the element in the body, can be
estimated by Se concentration in plasma, serum, whole blood, erythrocytes, various
organs, toenails or hair, or by the activity of the selenoenzyme glutathione peroxidase,
usually measured in erythrocytes (Reilly, 1996).

The samples used in this South Australian study of Se status all comprised relatively
healthy individuals. They were likely to have been above average in socioeconomic
status, with a low incidence of tobacco smoking, and few pregnant women and no children
were represented. Chronically ill people, the frail elderly, children and certain other
groups could be expected to have lower Se status. For example, studies have shown that
third-trimester pregnant women may be 25-30% lower in Se than controls (Golubkina &
Alfthan, 1999; Reyes et al, 2000; Tan et al, 2001). It also appears that plasma Se and
plasma and erythrocyte glutathione peroxidase activity vary during the menstrual cycle,
with peaks coinciding with that of oestrogen during the periovulatory phase (Ha & Smith,
2003).

Se status can be directly related to socioeconomic status (Bates et al, 2002), and tends to
be lowered by smoking (Bates et al, 2002; Kafai & Ganji, 2003; Kocyigit et al, 2001;
Luty-Frackiewicz et al, 2002; Robberecht & Deelstra, 1994). A German study found
serum Se of smokers (>20 cigarettes/day) to be 35% lower than non-smoking controls
(Luty-Frackiewicz et al, 2002).

Gender effect

This study found males to have a marginally (although statistically significant) higher
plasma Se concentration than females (93 pg/l M v 91 F when age effect reduced to zero),
similar to studies in the USA (Kafai & Ganji, 2003) and the Azores (Viegas-Crespo et al,
2000). There was no difference for whole blood Se. This finding agrees with most
studies, which have found little effect of gender on blood Se concentration in adults
(unless late-term pregnant or lactating women are included) (Bates et al, 2002a; Benes et
al, 2000; Morisi et al, 1989). The difference in the current survey is likely to be due to
differences in dietary composition and total intake.

Age effect

Plasma Se was found to increase with age, while the increase for whole blood Se was non-
significant. Most studies have found little difference in human Se levels in the age range
20-65 years. For example, a study involving 1,458 samples of whole blood from 24
locations in China found no age trend in Se concentration from 27-72 years (McOrist &
Fardy, 1989).

Our 2002 Adelaide survey found the 17-25 year olds (n=14) to have plasma Se
concentrations around 9 pg/l lower than the 26-69 year olds, but this was non-significant
due to low numbers. Children under 15 years generally have lower plasma Se levels than
adults within the same population (Barony et al, 2002; Bates et al, 2002b; Morisi et al,
1989), and infants are at particular risk for Se deficiency (Daniels et al, 2000; Muntau et
al, 2002), which has potentially serious medical implications. A German study of healthy
children found infants aged 1-4 months to be the highest-risk group for Se status: median
serum Se declined from 50 pg/l in the newborns (<1 month) to 34 in the 1-4 month
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infants, before rising to 48 in the 4-12 month infants (Muntau et al, 2002). In their study
of Se status in infants born in Adelaide, Daniels et al (2000) found plasma Se
concentrations in the first 5 days of life for term and pre-term infants to be 33 (SD 11) and
29 pg/l (SD 14) respectively, with females higher than males. From these initially low
levels they may have declined further by 4 months of age.

An Ttalian study found low serum Se values for people over 60 years, especially males
(Morisi et al, 1989), and a British study of people over 65 years found that plasma Se
decreased with age (Bates et al, 2002a). Our 2002 survey found no decrease at the older
end of the range, until 70 years was reached. Only 4 individuals were aged 70 or 71 and
they averaged 93 pg/l, around 10 pg/l less than the 26-69 year group. Campbell et al
(1989) suggest that ageing per se may not affect Se, but rather illness and lower food
intake.

Possible decline in Se status

The South Australian population samples studied suggest that a decline in Se status of
around 20% may have occurred from the late 1970s to the late 1980s. However, no
decline is evident thereafter (see Fig. 2 above). The inter-group comparison appears to be
valid: samples are similar in age, gender balance, health and socioeconomic status. It is
possible that seasonality may have influenced Se status: samples 1 & 2 were obtained in
summer, 3-5 in spring and 6-8 in winter. The summer-collected samples (1977 & 1979)
were higher in Se than the rest. A British survey found a seasonal effect as follows:
spring/summer (73 pg/l mean plasma Se)>winter (69)>autumn (66) (Bates et al, 2002a),
while a Spanish study found spring/autumn>summer>winter (Garcia et al, 1999). An
carlier Australian study found no seasonal differences for Se (McGlashan et al, 1996). If
samples 1 & 2 had higher Se levels due to summer collection, the effect is likely to be
small.

A possible decline in Se status from 1970s levels may be due to changes in dietary
composition and/or a decline in the mean Se concentration of South Australian wheat,
given the importance of this source. Almost all flour used in SA is made from SA-grown
wheat. Watkinson (1981) showed that an increase in blood Se levels in New Zealand
residents was due to the importation of Australian wheat. A targeted survey of wheat
grown in SA in the 2000 and 2001 seasons conducted by our group has found grain Se
concentrations ranging from 5-720 pg/kg, with most in the range 50-200 and a grand mean
around 130 (Lyons et al, unpublished). Although this was not a systematic survey of the
state’s entire wheatbelt, these levels appear lower than those presented for the 1981
season, which found large differences between regions and an overall median Se
concentration of 170 pg/kg (range 47-316) (Babidge, 1990). If there was a real decline in
soil Se levels in the SA wheatbelt in the 1980s, it may have been due to more intensive
cropping (Gissel-Nielsen, 1998), lower pH, increased use of gypsum (which contains
sulphur) to treat sodic soils, or a combination of these factors.

Optimal Se status

Optimal Se intake and blood levels are currently under debate, but it is apparent that
supranutritional intakes may be required to provide maximum cancer protection (Combs,
2001; Rayman, 2002). In the Nutritional Prevention of Cancer (NPC) trial in the US
(where the treatment group received 200 jg Se/day), the protective effect of Se against
cancer occurred in the lowest (relative risk [RR] of 0.52, 95% CL: 0.33-0.82) and middle
(RR 0.64, 95% CI: 0.40-0.97) tertiles, which included those people with plasma Se levels
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below 121 pg/l (Rayman & Clark, 2000), and the latest analysis shows that the Se benefit
was largely restricted to male smokers with baseline Se levels below 113 pg/l. The

strongest protective effect was against prostate cancer, with a hazard ratio of 0.48 (95%
CI: 0.28-0.80) (Duffield-Lillico et al, 2002).

Other studies have shown a protective effect of Se against prostate cancer (Brooks et al,
2001; Hardell et al, 1995; Vogt et al, 2003; Yoshizawa et al, 1998). Brooks et al (2001),
for example, in a nested case-control study in the US, found men with baseline plasma Se
in the range 82-107 pg/l to have nearly a 7-fold increased risk of prostate cancer compared
with men in the second quartile (range 108-118 pg/1).

Although there is a risk in generalising results of individual epidemiological and
intervention studies, the results of the NPC trial and the other studies noted above would
suggest, using the Se status figures presented by Combs (2001) above, that most of the
world’s male population (including that of Australia, with an estimated mean plasma Se
concentration of 93 pg/l) would be in the responsive range for protection by Se against
prostate cancer.

Evidence from the NPC trial and other studies suggests that a plasma Se concentration of
around 120 pg/l provides maximum protection against a range of cancers. The NPC
participants had a natural dietary Se intake of around 90 pg/day (Clark et al, 1996); thus
with the addition of a 200 ug supplement the treatment group would have received around
290 pg/day. Combs (2001) suggests that a Se intake of 200-300 pg/day may be required
to significantly decrease cancer risk, which compares with a current estimated Australian
adult intake of around 75 pg/day. 1t is important, however, to remember that Se status can
vary widely between individuals in the same population.

Moyad (2002) is critical of the interpretation of certain Se studies, but nevertheless
suggests that an intake of 200 pg Se/day and 50 mg vitamin E/day may reduce prostate
cancer risk, especially in current or previous smokers. The latest NPC trial findings
indicate that males may have a higher Se requirement than females, who apparently gained
no cancer protection from Se in this trial (Duffield-Lillico et al, 2002). A gender effect
has been found by one of our authors in studies on cattle, with steers more susceptible than
heifers to Se deficiency. Although speculative, it is possible that further studies — which
include several large, current intervention trials - may find optimal adult human Se intakes
in the range 125-280 pg/day, with means of around 130 (F) and 230 (M).

Se status can be raised by increased consumption of Brazil nuts (the most concentrated
food source of Se), wheat products, fish and meat (Reilly, 1996). 1t should be noted,
however, that Se concentration in Brazil nuts is highly variable (0.03-512 mg/kg, a
17,000-fold variation), depending on where they are grown in South America (Chang et al,
1995). Most Australians derive between a third and half of their Se from wheat products
(Barrett et al, 1989). Careful supplementation (using, for example, high-Se yeast) is an
effective way to increase Se status, as is biofortification. For example, applying Se to a
growing wheat crop will increase the concentration of selenomethionine, a desirable Se
form, in the grain (Djujic et al, 2000). Groups which could benefit especially from Se
supplementation include male smokers, pregnant or lactating women (particularly if they
are smokers with low socioeconomic status) (Bates et al, 2002; Kafai & Ganji, 2003;
Morisi et al, 1989), infants under 8 months (Daniels et al, 2000; Muntau et al, 2002),
cancer sufferers and those at high risk of cancer, sufferers of high-oxidative-stress
conditions generally , sufferers of serious viral infections (including HIV, hepatitis B and
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hepatitis C) (Clark et al, 1996; Combs, 2001; Rayman, 2002), and the frail elderly
(Campbell et al, 1989).

Se is a micronutrient, required only in small amounts, with a relatively narrow therapeutic
index. Documented cases of serious illness or death due to excess Se are few, however,
and it could be argued that its toxicity has been overrated. Combs (2001) considers the
WHO and EU estimates of the safe upper limit of Se intake of 400 and 300 pug/adult/day to
be conservative. Under normal conditions, a Se intake of less than 1,000 pg/day (or 15
pg/kg bodyweight) does not cause toxicity (Neve, 1991; Poirier, 1994; Taylor, 1997,
Whanger et al, 1996), and people living in parts of China, the US, Venezuela and
Greenland have consumed Se at this level throughout their lives without ill effects (Taylor,
1997). However, it would be prudent to limit medium- to long-term Se intake to around
the US reference dose of 350 ug/day for a 70kg human (Schrauzer, 2000).

Other nutrient elements in blood

Although plasma Se values are useful indicators of Se status, most plasma and serum
nutrient measurements are either closely controlled and thus vary little (e.g. calcium) or
reflect recent intake rather than long-term nutritional status (e.g. water soluble vitamins),
and are not necessarily valid measures of status (Friis et al, 2002; Rutishauser, 1997).
Erythrocyte (and thus whole blood) values tend to reflect longer-term status.

The minerals measured in the Adelaide 2002 survey are all in the expected range for a
healthy sample. The Adelaide copper and zinc levels were similar to those found in
adolescents in Sweden (Barany et al, 2002) and blood donors in Czechoslovakia (Benes et
al, 2000), and 15% and 23% higher in copper and zinc, respectively than a sample of
healthy Sydney volunteers, aged 23-45 years (Lux & Naidoo, 1995). A correlation
between two trace elements in blood indicates that interactions may be occurring. The
Swedish survey found copper and zinc to be correlated in whole blood and serum, but we
found no association. Bates et al (2002a), in a British survey of people aged over 65,
found plasma Se to be strongly associated with zinc, but again we found no association.

In our survey, calcium and phosphorus in plasma were found to be weakly associated with
Se. The calcium/Se finding is supported by Bates et al (2002a). Calcium is the most
abundant cation in the human body. Over 99% is present in bone. Plasma calcium is
present in ionised (60%) and non-ionised forms. Ionised calcium and calcium complexed
with lactate, bicarbonate, citrate, phosphate or sulphate are readily diffusable, whereas
protein-bound calcium (35%) is not. Plasma calcium is maintained at a relatively constant
level of around 100 mg/l (Root & Harrison, 1976). Plasma phosphorus is mostly in the
form of phosphoproteins, lipids and sugars (Jones, 1997).

In whole blood, sulphur was the only nutrient element analysed which was found to be
associated with Se, albeit not strongly. The sample size was relatively small, and with a
larger sample the association may not be evident. The sulphur would be present mainly in
the amino acids cysteine and methionine and as disulphide bonds in polypeptide chains.
In healthy individuals plasma Se up to a concentration of around 80 pg/l is mostly in the
form of selenoprotein P, with glutathione peroxidase making up the balance. Above this
level, nearly all plasma Se is in the form of selenomethionine (Burk et al, 2002).

12



Conclusion

In healthy sub-groups of the South Australian population sampled from 1977 to 2002
(n=834, mean age 42 years, range 17-71 years), whole blood and plasma Se concentrations
were above an estimated global mean. However, there was an apparent decline from the
late 1970s to the late 1980s. Age and gender effects, although not large, were statistically
significant: plasma Se increased with age, and males had higher plasma Se levels. Levels
of other mineral nutrients in whole blood and plasma in the 2002 sample of Adelaide
blood donors were satisfactory. Se was weakly associated with calcium and phosphorus in
plasma, and with sulphur in whole blood.

The mean plasma Se concentration of 103 g/l found in our most recent survey of healthy
individuals (Adelaide, 2002) was just above the estimated requirement for maximising
selenoenzyme expression. There would be sub-groups of the South Australian population
that would be less healthy than the groups surveyed in this study, which could be expected
to have substantially lower levels of blood Se. In the case of prostate cancer, these data,
when considered together with the findings of several studies discussed above, suggest
that a majority of Australian men would be in the responsive range for increased Se intake
to lower the risk of prostate cancer.

Many Australians could benefit from increased Se intake, in terms of reduced oxidative
stress, lowered cancer risk and protection against serious viral disease sequelae. Se status
can be improved by increased consumption of Brazil nuts, wheat products, fish and meat;
biofortification (for example, by applying Se to growing wheat crops); careful
supplementation, and cessation of smoking.
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Exploiting micronutrient interaction to optimize biofortification
programs
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Biofortification of staple food crops with micronutrients by either breeding for higher
uptake efficiency or by fertilization can be an effective strategy to address widespread
dietary deficiency in human populations. Selenium and iodine deficiencies affect a large
proportion of the population in countries targeted for biofortification of staple crops with
Zn, Fe and vitamin A, and inclusion of Se and I would be likely to enhance the success of
these programs. Interactions between Se and I in the thyroid gland are well established.
Moreover, Se appears to have a normalizing effect on certain nutrients in the body. For
example, it increases the concentration of Zn and Fe at key sites such as erythrocytes
when these elements are deficient, and reduces potentially harmful high Fe concentration
in the liver during infection. An important mechanism in Se/Zn interaction is
selenoenzyme regulation of Zn delivery from metallothionein to Zn enzymes. More
research is needed to determine whether sufficient genetic variability exists within staple
crops to enable selection for Se and I uptake efficiency. In addition, bioavailability trials
with animals and humans are needed, using varying dietary concentrations of Se, 1, Zn, Fe
and vitamin A to elucidate important interactions, in order to optimize delivery in
biofortification programs.
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Introduction

Micronutrient deficiency is widespread. More than 2 billion people consume diets that are
less diverse than 30 years ago, leading to deficiencies in micronutrients, especially iron
(Fe), zinc (Zn), iodine (I) and selenium (Se), and also vitamin A. These deficiencies
increase the risk of severe disease in around 40% of the world’s population.] Se, Fe, Zn
and vitamins A, B and C have immunomodulating functions and thus influence the
susceptibility of a host to infectious diseases and their courses and outcomes.>”

Diets dominated by cereals tend to lack micronutrients. Dietary diversity is desirable but
may not be achievable in many countries until population declines. In the meantime, a
major effort is required to improve the micronutrient content of cereals and other staple
foods to maximize impact on the lowest economic strata in societies. Programs that
include fortification, education and supplementation have been successful in countering
micronutrient deficiencies in certain cases and will continue to play a role. However, they
tend to be expensive, require ongoing inputs and often fail to reach all individuals at risk.
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Furthermore, such programs themselves are at risk from economic, political and logistical
. 45
impacts. "

A strategy that exploits genetic variability to breed staple crops with enhanced ability to
fortify themselves with micronutrients (genetic biofortification) offers a sustainable, cost-
effective alternative, which is more likely to reach those most in need; such a strategy has
the added advantages of requiring no change in current consumer behaviour to be effective
and being able to be transported to many countries. Substantial variations in Zn, Fe,
manganese (Mn), and copper (Cu) density in wheat varieties grown together have been
demonstrated. Exploiting the genetic variability in crop plants for micronutrient density
may be an effective method to improve the nutrition of entire human populations.1

Fertilization (by addition to soil, seed or leaves) to improve mlcronutrlent concentration in
crops (agronomic biofortification) can be an effective alternative® for micronutrients like
Se and I, that are relatively mobile in plants and for which substantial genetic variation in
uptake efficiency in staple crops has not yet been demonstrated.”' Wheat grain Se
concentration, for example, can be increased inexpensively more than 100-fold on a Se-
deficient soil by soil amendment.'®!!

Crops biofortified with Fe, Zn and pro- v1tam1n A carotenoids are proposed for Southeast
Asia and Africa in the HarvestPlus program.'> We argue that inclusion of Se and I in this
program is likely to be beneficial for several reasons. Firstly, deficiencies of both Se and I
affect at least 20% of the world’s population, 1314 with a higher prevalence in those
countries targeted by the biofortification program. Because of beneficial interactions (to
be discussed below), the benefits of Fe, Zn and vitamin A fortification are unlikely to be
maximized in many countries without the inclusion of Se and I. In addition, fortification
or supplementation with one or two nutrients in the presence of deficiencies of others may
even intensify existing morbidity. N

Moreover, low dietary micronutrient intakes are not confined to developing nations. The
food systems of developed countries also often fail to provide optimum nutr1t10n For
example, New Zealand’s low Se supply impacts on high-risk groups like the aged and a
recent Australian study found that 76% of schoolchildren surveyed 1n Melbourne had
below-normal 1 status, with 27% suffering moderate to severe deficiency.'’

In this paper we discuss briefly the importance of Se and I to human health; examine Se
and I interactions, with a focus on thyroid hormone metabolism; document evidence of
interactions between Se and I and between Zn, Fe and vitamin A, particularly in terms of
enhancing nutritional bioavailability; and suggest research priorities to address knowledge
gaps in this area.

Selenium in human health

Se is an essential micronutrient for humans and animals; it is an integral component of at
least three systems required for normal cell metabolism. 8 It has been suggested that
around 100 selenoproteins may exist in mammalian systems." ? As a key component of the
iodothyronine deiodinase enzymes, Se has an 1mportant role in the thyroid, and hence also
in hepatic enzyme expression and neutrophil function.”® The glutathione peroxidases have
an antioxidant role in reducing damaging hydrogen peroxide and lipid or phospholipid
hydroperoxides produced in eicosanoid synthesis by the lipoxygenase and cyclo-
oxygenase pathways.2I Another group of selenoenzymes, the thioredoxin reductases, are



involved in the reduction of nucleotides in DNA synthesis, the regeneration of antioxidant
systems, and the maintenance of cellular redox state.”

It is well established that dietary Se is important for a healthy immune response. The
effects of Se deficiency can include reduced T-cell counts and impaired neutrophil,
macrophage and polymorphonuclear leucocyte activity.23'25 Se supplementation of even
Se-replete individuals is immunostimulatory, and involves enhancement of natural-killer-
cell and lymphocyte activity as well as enhancement of proliferation of activated T-cells.”

Mounting evidence suggests that chronic marginal Se intake increases susceptibility to
viral infection and viral disease sequelae, cancer, cardiovascular diseases, thyroid
dysfunction, and various inflammatory conditions.!'"”?®  Se’s anti-viral activity is of
particular interest, given the high global prevalence of severe viral infections, including
HIV/AIDS, influenza, hepatitis B and hepatitis C. In a Se-deficient host the benign
coxsackie virus becomes cardiomyopathic, influenza viruses cause more serious lung
pathology,27 and HIV infection progresses more rapidly to AIDS.?® Tt has been suggested
that Se deficiency, due to widespread low soil levels, is the main reason for the much
faster spread of AIDS in Sub-Saharan Africa than in North America.”’

Available Se concentration in soil is highly variable, and low-Se soils are common in New
Zealand, Denmark, Eastern Europe, UK, central Siberia, and a belt from north-east to
south-central China. Large areas of Africa and Southeast Asia are also likely to be Se-
deficient, but more mapping is required. It is estimated that approximately one billion
people are Se-deficient. t

A practical strategy to alleviate Se deficiency is agronomic biofortification of food crops
with sodium selenate, which is highly mobile in plants and in many soil types. Moreover,
a high proportion of applied Se is incorporated into the sulphur amino acid, methionine, in
cereal grain. Selenomethionine is a desirable, highly bioavailable Se form for humans."’

Iodine in human health

I is an essential micronutrient involved in growth, development and metabolic regulation,
through its-role as a component of thyroid hormones. Severe I deficiency is associated
with goitre and retardation of growth and maturation in most organ systems. Intellectual
retardation, hearing impairment, lassitude and cretinism are common; indeed, I deficiency
is the world’s most prevalent cause of brain damage. Pregnant women and infants are at
particular risk of I deficiency diseases (IDD).3O’3'

In areas of high rainfall and ancient soils 1 has usually been leached to low levels.
Mountainous regions of Asia (including much of China) and the food production flood
plains of Nepal, India, Bangladesh, Myanmar, Papua New Guinea, the Philippines and
parts of Indonesia are regions where I deficiency is endemic.? Tt is estimated that over 1.5
billion people are at risk of IDD.>

Developed countries are also affected by I deficiency. A German study found that 20% of
pregnant women surveyed in Berlin were suffering from I deficiency,33 and recent surveys
in Australia have provided evidence of I deficiency. A study in Sydney found 20% of
pregnant women attending an obstetric clinic and 34% of people attending a diabetes
clinic had moderate to severe 1 deficiency.34 A Melbourne survey of schoolchildren (n =
577, years 5-12 at two private schools) found that 76% of children had T status below
normal. Girls had a mean urinary I concentration of 64 pg/l, and boys had a mean urinary
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I concentration of 82 pg/l (>100 normal; 50-99 mild deficiency; <50 moderate-severe
deficiency)."”

I supplementation, usually through iodized salt, has been effective at relieving IDD, but
requires sustained inputs, and in many cases has not succeeded in the long term. In
Ethiopia, for example, iodized salt is not reaching the neediest people as it is more
expensive than ordinary salt, there is a lack of knowledge of T deficiency among
government officials, and distribution has been disrupted by war.”

An iodized salt program was also unsuccessful in Xinjiang province, China, for cultural
and infrastructural reasons. But when potassium iodate was added to irrigation water (10
kg in a single treatment), the 1 content of all irrigated crops and foodstuffs which
substantially increased the I status of livestock and people for at least 2 years. Infant
mortality declined by 50% and IDD were largely eliminated.” This program is a
successful example of agronomic biofortification by fertigation.

Selenium-Iodine interaction

Se and I interactions in the body mostly concern thyroid hormones. Both Se and I are
required for thyroid hormone synthesis, activation and metabolism, and the thyroid gland
has the highest Se and I concentrations of all organs.36 The Se-dependent iodothyronine
deiodinase enzymes catalyze the production of active thyroid hormone (T3) from
thyroxine (T4) and also control reversion of T3 to di-iodothyronine (T2). There are three
types of iodothyronine deiodinases that function in specific tissues such as liver and brain
to maintain plasma and organ thyroid hormone homeostasis.*’

Goitre is not necessarily due to I deficiency alone, as shown by nodular goitre, which is
relatively common in I-replete populations.37 Se can inhibit goitrogenesis when I status is
marginal or deficient. Children with goitre in south-eastern Poland had lower blood Se
and glutathione peroxidase activity, but were similar to controls in T4 and TSH levels.*®
In Turkey, I-deficient goitrous children had lower blood Se levels and higher DNA base
lesions than non-goitrous controls.”® In a French survey, investigators observed a
protective effect of Se against goitre and thyroid tissue damage in women.

In addition, free radical damage and fibrosis caused by Se deficiency, together with I
deficiency (which can be exacerbated by consumption of goitrogenic thiocyanates from
cassava) are involved in the pathogenesis of myxoedematous cretinism.'>*"*** In the rarer
case of 1 excess, the antioxidative Se-dependent glutathione peroxidases protect the
thyroid gland from oxidative damage due to excessive iodide exposure.43

Severe deficiency of both T and Se occurs in parts of central Africa' and in Asia, in a
region extending from north-eastern China and adjoining areas of Siberia and Korea to
south-western China, including Tibet. In this part of Asia, Kaschin-Beck disease, an
osteoarthropy involving enlarged joints, shortened fingers and toes, and even dwarfism, is
prevalent. Se, I and vitamin E deficiencies appear to be predisposing factors.*+°

Caution is recommended for Se supplementation in areas of concurrent I and Se
deficiency. Several studies have shown that normalization of I intake is necessary before
initiation of Se supplementation in order to avoid exacerbation of hypothyroidism by
stimulation of thyroxine metabolism,' >4



Selenium interactions with Zinc and Iron

Evidence is accumulating for important interactions of Se with Zn and Fe. Animal studies
have shown that Zn can increase Se concentration in various organs, including brain,
spleen, kidney, liver, lung and heart,*® and Se can increase Zn concentration in liver, small
intestine, blood, kidney, spleen, brain and lung.48’49 Converselsy, Se deficiency was found
to increase Zn concentration in heart and kidney in a rat model. 0

Se/Zn interaction involves a link between cellular Zn and redox state. Se compounds
regulate Zn delivery from metallothionein to Zn enzymes. The metallothionein/thionein
couple safeguards Zn and controls the concentration of available Zn in the cell.”!
Moreover, Se, Zn and Cu are linked in cytosolic defence against reactive oxygen and
nitrogen species. Cu, Zn-superoxide dismutase catalyses the conversion of superoxide to
oxygen and hydrogen peroxide, which is then reduced to water and oxygen by glutathione
peroxidase,52 the gene expression of which can be upregulated by Zn.>

An intriguing role for Se in regulating, or normalizing, the levels of other mineral nutrients
at key sites in the body has been suggested by several studies. A clinical trial in Serbia
included participants who were moderately deficient at baseline in Se, Zn, Fe and Cu,
while Mn status was higher than normal. Those who consumed Se-enriched wheat during
the trial had increased concentrations of Zn, Fe and Cu in erythrocytes, while Mn
concentration declined in both plasma and erythrocytes.54 Furthermore, interaction
between Se and Fe was apparent in a trial with Schistosoma-infected mice, in which
supplemented Se lowered abnormally high liver Fe concentration.”” In addition, in rat
models Se deficiency increased Fe concentration in the kidney, heart and liver,”® and Fe
deficiency decreased Se concentrations and glutathione peroxidase activity in erythrocytes
and liver.”® Lower serum Se levels were observed in children with Fe-deficiency anemia,
but Se was normalized after Fe supplementation.57 Further studies are needed to
determine to what extent Se affects the absorption, distribution and retention of Zn, Fe, Cu
and Mn. Deeper understanding of beneficial interactions between these nutrients could
lead to their exploitation to improve the efficiency and effectiveness of supplementation,
fortification and biofortification programs.

Jodine interactions with Iron, Zinc, and Vitamin A

Evidence also exists for I interactions with Zn, Fe and vitamin A. T, Se, Zn and Fe are
essential for normal thyroid hormone metabolism. Fe deficiency inhibits thyroid hormone
synthesis by reducing the activity of heme-dependent thyroid peroxidase, while Fe
deficiency anaemia reduces, and Fe supplementation enhances, the effectiveness of I
supplementation.43

Several studies have suggested that Zn is necessary for normal thyroid function. A study
in Turkey found that concurrent deficiencies in Zn and I were associated with endemic
goitre in males, and Zn deficiency may contribute to hypothyroidism and goitre.58 In
people with hypothyroidism in China, erythrocyte Zn was correlated with T3/T4 ratio and
TSH:* in a rat model serum T3 was lower in Zn-deficient animals, and Zn deficiency
appeared to induce apoptosis in thyroid cells.®® Zn is involved in the binding of T3 to its
nuclear receptor.61 Moreover, Zn and Se tend to be lower in thyroid cancer cells than in
normal thyroid cells.®

As noted above, the pathogenesis of goitre is generally multifactorial. On the Croatian
island of Krk, goitre prevalence of 30% was found in a sample of 1,975 schoolchildren. It
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was associated with low plasma levels of vitamins A and E and low I intake.® Vitamin A
may stimulate the sodium/iodide symporter (NIS). For example, decreased uptake of
iodide by the thyroid, due to impaired expression and/or function of the NIS, is a problem
with radioiodide therapy of advanced thyroid cancer; however, retinoids (vitamin A
derivg}ives) stimulate NIS mRNA expression and iodide uptake in human thyroid cancer
cells.

Conclusion

Se and 1 deficiencies affect a large proportion of the population in countries targeted for
biofortification of staple crops with Zn, Fe and vitamin A. Mounting evidence of
important beneficial interactions between all of these micronutrients suggests that the
inclusion of Se and I in HarvestPlus would be likely to enhance the program’s
effectiveness.

Interactions between Se and I in the thyroid gland are well established. Few studies have
been conducted on interactions among Se, I, Zn, Fe and vitamin A, especially those that
impact on the bioavailability of Fe and Zn in cereals, such as the selenoenzymes that
regulate Zn delivery from metallothionein to Zn enzymes. In addition, Se appears to have
a normalizing effect on certain other nutrients at important sites in the body.

There is an urgent need for investigation into the extent of variability within staple crops
for uptake and grain loading efficiency of both Se and L. Further bioavailability studies
are also needed, using varying dietary concentrations of Se, I, Zn, Fe and vitamin A in
animal and human trials in order to elucidate important interactions, and to optimize
delivery of these nutrients to alleviate malnutrition. It is critical that in these studies,
subjects are at least mildly deficient in combinations of these nutrients.

Attention to the role of agronomy in enhancing the concentrations of Se, I and Zn can
deliver more of these nutrients faster to populations and allow breeders to concentrate on
Fe and carotenoids, where fertilizers are ineffective.
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Abstract

Selenium (Se) is an essential micronutrient for humans and animals, with antioxidant, anti-
cancer and anti-viral effects, and wheat is an important dietary source of this element. In
this study, surveys of Se concentration in grain of ancestral and wild relatives of wheat,
wheat landrace accessions, populations, and commercial cultivars grown in Mexico and
Australia were conducted. Cultivars were also grown under the same conditions to assess
genotypic variation in Se density. Eleven data sets were reviewed with the aim of
assessing the comparative worth of breeding compared with fertilising as a strategy to
improve Se intake in human populations. Surveys and field trials that included diverse
wheat germplasm as well as other cereals found grain Se concentrations in the range 5-720
ug kg, but much of this variation was associated with spatial variation in soil selenium.
This study detected no significant genotypic variation in grain Se density among modern
commercial bread or durum wheat, triticale or barley varieties. However, the diploid
wheat, Aegilops tauschii and rye were 42% and 35% higher, respectively, in grain Se
concentration than other cereals in separate field trials, and, in a hydroponic trial, rye was
40% higher in foliar Se content than two wheat landraces. While genotypic differences
may exist in modern wheat varieties, they are likely to be small in comparison with
background soil variation, at least in Australia and Mexico. Field sites that are spatially
very uniform in available soil Se would be needed to allow comparison of grain Se
concentration and content in order to assess genotypic variation.

Key words: Aegilops tauschii L, genotypic variation, grain, rye (Secale cereale L.),
selenium, bread wheat (Triticum aestivum L.)

Abbreviations: CIMMYT: Centro Internacional de Mejoramiento de Maiz y Trigo (International
Maize and Wheat Improvement Centre)
DH: doubled-haploid

Introduction

Selenium (Se) is an integral component of at least three systems required for normal cell
metabolism in humans and animals (Arthur, 1999). Soils are frequently low in available
Se, and hence the food systems of many countries are deficient in Se (Combs, 2001; Lyons
et al, 2003; Rayman, 2002). Wheat is an important dietary source of Se. For example, in
Australia it is estimated to supply nearly half the Se intake of most people (Barrett et al,
1989; Lyons et al, 2003). However, Se concentration in wheat grain is highly variable.
Published values range from 0.001 mg kg in south-west Western Australia (White et al,
1981) to 30 mg kg in seleniferous areas of South Dakota (University of California,
1988), while most of the world’s wheat lies within the range 0.02-0.60 mg kg (Alfthan &
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Neve, 1996). Se availability in soils depends upon soil pH, redox potential, calcium
carbonate level, cation exchange capacity (Banuelos & Schrale, 1989), and organic
carbon, iron (Fe) and aluminium (Al) levels (Ylaranta, 1983). In alkaline soils, most Se is
present as selenates, which are highly soluble and easily taken up by plants (Elrashidi et al,
1989). In acidic, poorly aerated soils, Se occurs mainly as insoluble selenides and
clemental Se. In lateritic soils high in Fe, Se binds strongly to Fe to form poorly soluble
ferric hydroxide-selenite complexes (Cary & Allaway, 1969).

At least half of the world’s population is malnourished. More than two billion people
consume diets that are less diverse than 30 years ago, leading to deficiencies in
micronutrients, especially Fe, zinc (Zn), iodine (I) and Se, and also vitamin A (Graham et
al, 2001). Programs that include fortification, education and supplementation have been
successful in countering micronutrient deficiencies in certain cases and will continue to
play a role. However, they tend to be expensive, require ongoing inputs and often fail to
reach all individuals at risk. Furthermore, such programs themselves are at risk from
economic, political and logistical impacts (Gibson, 1994; Graham & Welch, 1996).
Fertilisation of food crops with selenate to increase human Se intake (an example of
agronomic biofortification) has nevertheless been successful, especially in Finland (Aro et
al, 1995).

A strategy of breeding staple crops with enhanced ability to load more micronutrients into
the edible portion of the plant (e.g. grain) (genetic biofortification) offers a sustainable,
cost-effective alternative to conventional fortification, which is more likely to reach those
most in need, and has the added advantage of requiring no change in current consumer
behaviour to be effective. Exploiting the genetic variation in crop plants for micronutrient
density is likely to be an effective method to improve the nutrition of entire populations.
A four- to five-fold variation was found between the lowest and highest grain Fe and Zn
concentrations among wheat accessions studied at CIMMYT, and the highest
concentrations were double those of popular modern varieties (Graham et al. 2001).
Moreover, wild, small-seeded relatives of modern bread wheats have been found with
50% more Fe and Zn than the highest CIMMYT germplasm studied (Monasterio &
Graham, 2000). These ancient wheats provide a valuable genetic resource for increasing
Fe and Zn efficiency in modern wheat cultivars (Cakmak et al, 1999a).

It could be argued that plants may be expected to show more genotypic variability for
plant-essential micronutrients than for a non-essential element like Se. However, studies
have demonstrated significant genetic variability in the edible parts of soy (Yang et al,
2003; Zbhang et al, 2003), tomatoes (Pezzarossa et al, 1999), radishes (Lyons et al,
unpublished), and Brassica vegetables (Combs, 2001). Findings from wheat studies have
been variable. Some have found no evidence for genetic variability among wheat cultivars
for Se density in grain (Grela, 1996; Noble & Barry, 1982; Tveitnes et al, 1996), while
another found higher concentrations of Se, Zn, lithium (Li), magnesium (Mg) and
phosphorus (P) in hulled wheat (Triticum spelta L. and Triticum dicoccum Schrank) grown
together with modern bread wheats (Triticum aestivum L.) (Piergiovanni et al, 1997), and
a Russian study suggested that commercial wheat cultivars may vary in their ability to
accumulate Se (Seregina et al, 2001). More research is needed to determine whether
sufficient genetic variation in grain Se density in wheat exists to enable the selection of
this trait for plant breeding purposes.

This study conducted surveys of Se concentration in grain of wheat landrace accessions,
populations, and commercial varieties grown in Mexico and South Australia, and grew a



selection of varieties under the same conditions, to assess for genetic variability in Se
density.

Materials & Methods
CIMMYT survey & trials

CIMMYT’s field experiments were conducted in the Yaqui Valley near Ciudad Obregon,
Sonora, Mexico (270N 109°W, 40 m above sea level). The soils at the research station are
coarse sandy clay textured with predominantly montmorillonitic clay, and classified as
Typic Calcicorthid. Surface pH (H0) is 8.3.

The survey was planted during the cycle 1997-1998. This was a multiplication block
where 665 entries were grown in the same area. The plots were sown in late November,
1997 on dry soil and irrigated on the same day. The optimum planting time for this area is
mid-November to mid-December. The entries were planted in 80 cm beds, the plot size
was one bed wide with two rows on top of the bed (20 cm apart) and one metre long. The
multiplication block was 28 beds wide and 48 metres long to accommodate a total of 672
plots. There were no replications. Weeds were controlled with Topik and Brominal. The
trial was fertilised with 100 kg N ha' as urea and 46 kg ha! of phosphate as triple
superphosphate at planting. An additional 100 kg N ha’ as urea was applied in early
January. The experimental area received four additional irrigations during the crop cycle.
Many of the cultivars were susceptible to leaf rust, therefore fungicides (Tilt and Folicur)
were applied when necessary. The trial was harvested by hand but yield was not
measured. One hundred wheat cultivars were selected to provide a diverse range of
genotypes. They included bread wheat landraces from Mexico and Iran, various cultivars
from India, Israel, Nepal and Egypt, an historical set of released varieties from Mexico,
CIMMYT advance lines and pre-breeding material, and 5 durum cultivars from Israel.
This set of 100 entries was sent to Cornell University, USA for analysis.

The first trial comprised the same set of 100 wheat genotypes selected from the 1997-1998
multiplication trial and was conducted in the same field as the initial trial. A randomised
complete block design with two replications was used. To provide a check and insure
proper identification of the entries, the cultivar Genaro 81 was planted in every sixth plot,
but was not analysed for Se concentration. The bed details, fertiliser, weed and rust
control were as described in the initial trial. The trial was harvested by hand but yield was
not measured. This replicated set of 100 entries was sent to The University of Adelaide
(Waite Analytical Services), South Australia for Se analysis.

The second trial was planted during the cycle 1999-2000. The experimental design was a
lattice with three replications. The plots were two 80 cm beds (each bed with two rows
planted at 20 cm) wide and 4 m long. There were 40 entries in the trial: 24 wheat hybrids,
eight female lines, three male lines and five checks. The trial was planted in November
1999 and irrigated. Pathogens and weeds were controlled. Grain yield was measured in
all three replications but Se concentration was measured only in two replications. The
objective of the trial (apart from assessment of Se concentration) was to identify males and
fernales that could combine into high-yielding hybrids.

The third trial evaluated grain concentrations of Se and other minerals in the ancient
diploid wheat, Aegilops tauschii (DD genome), an ancient durum wheat, Triticum
dicoccum (BBAA genomes) and their cross (BBAADD genomes). Grain yield was not
measured in this trial. These entries were evaluated in the field during the cycle 1999-
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2000. The plots were 80 cm wide by 2 m long and were not replicated. Seventeen
different Ae. tauschii lines that had been screened from a larger population of Ae. tauschii
for high Fe and Zn were planted along the bed from entry 1 to 17. In the adjacent bed, 17
different T. dicoccum lines, that had also been screened from a larger population of T.
dicoccum for high Fe and Zn, were planted along the bed from entry 1 to 17, and in the
next bed the cross of Ae. tauschii x T. dicoccum were planted from entry 1 to 17. Thus,
going perpendicular to the beds on the same row, on one bed was the male, in the next bed
the female and in the last bed the cross between those two parents. This trial had no
replications.

University of Adelaide surveys and trials

Landrace survey

A diverse sample of 300 wheat landrace accessions was obtained from the Winter Cereals
Collection, Tamworth, New South Wales. From these, 90 accessions were selected, that
included a wide range of genotypes, and winter and spring bread and durum wheats. The
samples had been grown at sites near Tamworth from 1971 to 1998. The sites were
characterised by three main soil types: loam/sandy loam, surface pH (H0) 6.5-7.5; black
cracking clay, pH 5.8-6.8; leached sandy loam, pH 5.3-6.0. To enable assessment of
environmental effects, single landraces grown at different sites in different years, along
with several replicates of single landraces grown together, were included in the analysis.

South Australian wheat survey

This targeted survey of wheat grown in South Australia from 1999 to 2001 was not
designed to be comprehensive, but rather to provide an indication of the range and
commonly occurring concentrations of grain Se as well as the extent of within-site
environmental variability. It included the analysis of ten commercial wheat varieties
(Krichauff, Excalibur, Frame, Janz, Kukri, Anlace, Sunco, Tasman, Yitpi, Stylet) grown at
six sites in wheat-growing areas in South Australia in 2000. The sites were Roseworthy,
Palmer, Stow (Lower North), Nangari, Loxton (Murray Mallee) and Bordertown (Upper
South —East). Not all varieties were grown at all of the sites. A selection of unreplicated
samples from other parts of the state, grown from 1999 to 2001 and representing a wide
range of soil types, was also included. These sites included Piednippie, Kingscote
(Kangaroo Island), Minnipa, Callington, Lock, Keith, Paskeville, Mintaro and Turretfield.
A total of 22 sites were sampled.

W7984 x Opata 85 recombinant inbred lines analysis

This population, also known as the International Triticeae Mapping Initiative (ITMI)
Mapping population or the Synthetic x Opata cross has been comprehensively mapped. Its
114 recombinant inbred lines were derived by single-seed descent (Fs) from the cross of
the synthetic hexaploid W7984 with the CIMMYT wheat variety Opata M 85 (Nelson et
al, 1995).

The seed analysed in this study was grown from seed provided by Dr P. McGuire,
University of California, Davis, by Ursula Langridge on University of California (Waite
version) potting mix soil in a glasshouse at the University of Adelaide’s Waite Campus.
As this was a pilot survey, 31 single (unreplicated) samples of the 114 lines grown were
randomly selected for analysis.

Sunco x Tasman doubled haploid population analysis

This cross was chosen because 1) we had found (in the South Australian survey, above)
that the Tasman parent was higher in grain Se concentration at the three sites where it had
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been grown together with Sunco; 2) the population is well-mapped for genetic markers,
although not as extensively as Cranbrook x Halberd or CD 87 x Katepwa (Chalmers et al,
2001); and 3) the parents and a selection of the Fj-derived doubled haploid (DH)
homozygous progeny had been grown together at the University of Adelaide’s
Roseworthy Campus in 2000, a site with a medium mean soil available Se level. The 180
DH lines grown at Roseworthy were produced at the Leslie Research Centre (Kammholz
et al, 2001). For this survey, the parents and 28 randomly selected unreplicated progeny
lines were analysed. Progeny lines 96-8-8 (lowest Se) and 96-8-446 (highest Se) were
selected for assessment in the next trial.

Charlick wheat variety trial 2001

A trial that investigated the effect of varying levels of applied sulphur (S) and nitrogen
(N), as well as wheat variety (using three bread wheat varieties and two durum varieties),
on grain Se concentration was conducted at the University of Adelaide’s Charlick
experimental farm in 2001 and is described elsewhere (Lyons et al, 2004a). The varieties
included three popular commercial bread wheats (Krichauff, Kukri and Yitpi) and two
durum wheats (Tamaroi, a popular commercial variety, and a boron-tolerant University of
Adelaide-Waite Campus breeder’s line, WD 99006).

South Australian cereal trials 2001

Cereal grain grown at a subset of sites within the South Australian Research and
Development (SARDI) S-4 trials in 2001 was analysed for Se and other nutrients. The
four sites, which were selected for diversity of location and soil type, were Piednippie, Far
West Coast, calcareous sandy loam, surface pH (H,0) 8.7; Greenpatch, Lower Eyre
Peninsula, sandy loam over ironstone, pH 5.9; Bute, Upper Yorke Peninsula, sandy clay
loam, pH 7.6; Frances, Lower South-East, loamy sand, pH 6.8. The following cereals
were grown at each site in a randomised block design with four replicates: bread wheat,
var Krichauff; barley (Hordeum vulgare L., var Barque); triticale (X Triticosecale
Wittmack, var Tahara); rye (Secale cereale L., var Bevy).

Glasshouse soil pot assay

A short-term trial was undertaken to assess Se uptake efficiency into the leaves of
different wheat varieties and cereal species. Soil was obtained from the University of
Adelaide’s Roseworthy Campus, where the Sunco-Tasman DH population was grown. In
order to reduce variability in soil available Se concentration in this trial, the soil was
obtained from an area of just 3 m? to a depth of 15 cm, and was thoroughly mixed, using a
cement mixer. The soil was sieved (3.9 mm aperture) and 3.5 kg added to each pot (18 cm
high x 21 cm diameter). Five hundred grams of deionised water was added to each pot to
achieve a 14% soil moisture content. The wheat varieties used included those identified 1n
the landrace survey as being potentially high (Poland 4 and Portugal 153) and low
(Navarre 46) Se accumulators; the Sunco and Tasman parents and the highest- (96-8-446)
and lowest-Se (96-8-8) DH progeny from the Roseworthy site (above); rye (var Bevy),
identified in the S-4 trials as being higher in Se than the other cereals; and, for further
comparison, a durum wheat (var Tamaroi) and the parents of 2 other wheat DH
populations, Seri 82/Babax and Kukri/Janz.

Samples of the grain used in the trial were analysed for Se, as variability in seed Se
concentration could be a possible confounding effect. The values are presented in Table 8
in the Results, below. Seeds were pre-germinated on 12.5 cm Whatman ashless filter
paper with 10 ml Milli-Q water in plastic Petri dishes, then 4 planted per pot. There were
2 pots (duplicates) per variety, giving a total of 26 pots. The pots were placed randomly
on a bench in a glasshouse, and watered (de-ionised water, by weight) and re-positioned
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randomly 3 times weekly. The trial was conducted in winter, and mean day temperatures
were in the range 15-24°C, and mean night temperatures 5-10°C, with a mean relative
humidity of 55%. After 35 days the tops were harvested, with 4 plants/pot bulked for
weighing and analysis. The tops were dried at 70°C for 48 hours and analysed for Se and
other mineral nutrients.

Phytotron hydroponic pot assay

In order to minimise the background variation in available Se, a hydroponic trial was
conducted. The trial compared the highest (Poland 4) and lowest (Navarre 46) landraces
identified in the earlier survey, along with rye. In view of the apparent difference in Se
concentration between dark and light seed from the same rye sample (see Results: SA
cereal trials 2001 below), the two were studied separately in this trial.

Seeds were pre-germinated as above, then transferred to 2-litre black plastic pots
containing aerated 0.25-strength Hoagland’s solution plus 1.0 pM sodium selenate
(equivalent to 80 pg 1" Se). Two plants were grown per cup, with two cups per pot
comprising a replicate for each variety/type, making a total of 16 plants per pot. There
were four replicates (pots). The trial was conducted in a phytotron, with light intensity (at
the pot surface) of 630 pmol quanta PAR m? sec’ provided by high-pressure sodium
Sonti Agro fluorescent lamps; day-length 14 hours; day temperature 20°C, night
temperature 15.5°C: mean relative humidity 60%. The pots were moved randomly three
times weekly to minimise position effects in the phytotron. The solution was replaced on
days 11 and 18, and the plants harvested on day 22. Tops of the four plants of each
variety/type per pot were bulked, dried at 70°C for 48 hours and analysed for Se and other
mineral nutrients.

Chemical analysis

Grain samples for the CIMMYT survey were analysed for Se concentration at Cornell
University, USA, using atomic fluorescence spectrophotometry. Grain samples from the
three CIMMYT field trials, along with the University of Adelaide surveys and field trials
and leaf samples from the pot assays, were analysed for Se using hydride-inductively
coupled plasma optical emission spectrometry (ICP-OES), based on the method of Tracy
& Moller (1990), and for 12 mineral nutrients (Fe, Zn, Mg, P, S, manganese [Mn], boron
[B], copper [Cu], molybdenum [Mo], calcium [Ca], sodium [Na] and potassium [K] using
ICP-OES at the University of Adelaide’s Waite Analytical Services laboratory, Adelaide,
South Australia. The standard used was NIST durum wheat flour (8436) for grain
samples, and NIST peach leaves (1547) for leaf samples. The Se variation in the NIST
standards was low: the mean measured Se concentration for durum wheat flour was 1.22
(SD 0.03) mg kg‘l (certified concentration 1.23 [SD 0.09] mg kg'l), and for peach leaves
the measured Se concentration was 0.12 (SD 0.007) mg kg'1 (certified concentration 0.12
[SD 0.009] mg kg ™).

Statistical analysis

Analyses of variance were conducted using Genstat 6™ Edition (Lawes Agricultural Trust,
Rothamsted Experimental Station, UK).



Results and discussion
CIMMYT survey and trials

As shown in Table 1, although the mean Se concentration was similar for the two
replicates in the first trial, there was high variability between the replicates of individual
varieties. There was even higher variability between the 100 lines analysed in the initial
survey (which was part of a multiplication trial that covered a larger area than Trial 1,
hence the greater range in Se concentration) and the same lincs grown at the same site in
the following year.

Table 1. CIMMYT Survey and Trial 1. Comparison of grain Se concentration (pg kg’l)
in 100 wheat varieties grown together (Survey, unreplicated) and the same varieties
grown together at the same site in the following year (Trial, two replications)

Mean (SE) Range r R”
Survey 56 (4) 9-244 “0.14 “0.02
Trialrepl 1 45 (2) 10-110  b0.62 50.38
Trialrepl 2 46 (2) 10-130

¢ Comparison of the survey with the mean of the two field trial replicates
? Comparison of the field trial replicates

None of the 100 varieties tested stood out as being consistently high or low in grain Se
concentration. The highest-Se wheat in replicate 1, for example (Mexican variety
Durango DG 095.1.13) (244 ng kg"), was ranked 26™ highest (56 pg kg™) in replicate 2,
and 22™ (74 ng kg'!) in the survey. The highest Se wheat in replicate 2 (DG 095.1.24)
(130 pg kg ') was ranked only 40™ (42 pg kg'') in replicate 2, and 55™ (43 pg kg!) in the
survey. There was also a large background variation in Se concentration in the field trial
(13-fold) compared to that of other minerals (mean two-fold variation for S, Zn, Fe, Mn).

The second field trial of 40 different entries, including hybrids (all different from the
varieties in the first trial) was conducted on a higher-Se soil and had lower Se variation
(three-fold) than the first trial, but there was even lower correlation between the replicates:
see Table 2. Only one of the varieties in the top four for Se concentration in replicate 1,
for example, was in the top eight in replicate 2. Again, no varieties/crosses differed
significantly in grain Se concentration. Se concentration was not reduced by higher yield,
ie. there was no dilution effect. Indeed, grain yield and grain Se concentration were
positively correlated in this trial (r = 0.25; regression equation: Se concentration (ng/ha) =
0.007 x yield (kg ha!) + 35.5). For example, the six highest-Se entries (which included
two entries of one genotype) had a mean yield of 6200 kg ha'', while the six lowest-Se
entries (all different genotypes) had a mean yield of 5700 kg ha' The mean yield (SE)
determined from three replicates for the whole trial was 6,000 (78) kg ha™.

Table 2. CIMMYT Trial 2. Comparison of grain Se concentration (Lg kg'l) in 40
different wheat lines and hybrids grown together in a field trial. Two replications

Mean (SE) Range r R”
Repl 1 74 (2) 40-110 “0.32 “0.10
Repl2 80 (3) 37-120

“ Comparison of the replicates



The third CIMMYT field trial compared grain Se concentrations between two ancient
wheats, Triticum dicoccum, Aegilops tauschii and their cross, was conducted at a site with
a higher available soil Se concentration than the two previous trials, and included 17
different entries of each parent. The analysis revealed that Ae tauschi (mean 179 ng kg™h)
was higher in grain Se concentration than either T dicoccum (135 pg kg'l) or the T
dicoccum/A tauschii cross (117 pg kg'l) (p < 0.001). The grand mean was 144 pg kg'1
(SD 47), and the range of values was 83-290 ug kg': see Table 3. The same pattern was
apparent for S, Fe, Zn and Mn, with Ae tauschii being higher than the other two (p < 0.01
for each).

Table 3. CIMMYT Trial 3. Comparison of grain Se, S, Fe, Zn and Mn concentrations
in two ancient wheats and their cross grown together in a field trial. Means of 17
different entries for each parent

Se Se ran%e S Fe Zn Mn
ugke'  pgke'  mgky! mgkg' mgkg' mgkg
Ae tauschii 179 110290 2647 71 68 83
T dicoccum 135 87-240 2300 42 42 50
T dic/Ae tau 117 83-190 2218 45 43 55

The Aegilops genus has been found previously to have higher grain mineral density (Balint
et al, 2001), and our finding for Se supports that of Piergiovanni et al (1997), who found
hulled wheats to be higher in grain Se, Mg, P and Zn than modern commercial bread and
durum wheat varieties. These authors found the highest Se and Zn concentrations in spelt
(T spelta, BBAADD genomes) accessions.

University of Adelaide survey and trials

Landrace survey
The results of the survey of grain Se concentrations in 90 diverse landrace accessions are
summarised in Table 4.

Table 4. Grain Se concentration in wheat landrace accessions grown on
different soil types near Tamworth, New South Wales from 1971 to 1998
by The Australian Winter Cereals Collection, Tamworth

Soil type”  Year Sample  Grain Se concentration
size ng kg
Mean (SE) Range
1 1971 27 256 (27) 61-510
1980 9 224 (23) 170-310
1993 7 233 (99) 120-430
1996 13 302 (30) 140-490
2 1973 5 71 (35) 32-140
1995 10 77 (18) 21-160
1997 8 128 (36) 44-270
1998 10 80 (19) 35-210
3 1976 8 47 (2) 41-52
1977 5 20 (5) 15-29
1978 6 34 (3) 23-44
1984 5 20 (1) 18-22

*Soil types: 1: loam/sandy loam, surface pH (H,O) 6.5-7.5; 2: black cracking
clay, pH 5.8-6.8; 3: leached sandy loam, pH 5.3-6.0



Grand mean: 164 pg kg'l (SE 15); range: 15-510 pg kg‘l. This is a 34-fold variation, and
compares with the Zn range of 22-60 mg kg, a three-fold variation. High variability was
evident, even within soil type/year and variety. For example, four samples of China 19,
grown at the same site in 1996, varied three-fold, from 160-490 pg kg'l. Wheat grown on
the black cracking clay with mean pH of 6.3 (soil type 2) had the most variability in grain
Se concentration (13-fold). This soil would be expected to contain selenite, selenate and
organic Se forms (Cary & Allaway, 1969). This variability notwithstanding, two varieties,
Poland 4 (accession numbers 10872 & 12113) and Portugal 153 (5491), were identified
that appeared to be consistently higher in grain Se concentration across several soil
types/years, while Navarre 46 (5131 & 5133) was consistently low in grain Se
concentration.

To test whether seed viability and grain Se concentration were associated, a germination
trial was conducted. Thirteen wheat varieties grown in 1971, five grown in 1973, and four
grown in 1980 were tested by imbibing 20 seeds of each (on filter paper in Petri dishes,
using Milli-Q water, and incubating for 48 hours at 26°C). There was no correlation
between grain Se concentration and either germination % or early root/shoot growth. The
1971 wheats varied in germination from 10-100%, with most (surprisingly for their age) in
the 90-100% range. The 1973 wheats ranged from 20-100% (with most 100%), while the
1980 wheats ranged from 95-100% germination. Root/shoot growth declined with
increasing age: 1980>1973>1971. Of course, the possibility of substantial variation in
grain Se concentration among seeds from the same sample should always be considered
when assessing the validity of such trials.

South Australian wheat survey

This targeted survey included the analysis of nine commercial wheat bread varieties grown
at 6 sites in wheat-growing areas in South Australia in 2000. The survey also included
unreplicated samples from other parts of the state, grown from 1999 to 2001. A total of 22
sites were sampled. As with the landrace survey, a large variation in grain Se
concentration - even within a single variety grown at the same site - was evident,
reflecting the variability of soil available Se over distances of just a few metres. For
example, at the Bordertown site (in the Upper South-East region of the state), five
replicates of var. Excalibur varied six-fold in grain Se concentration, as shown in Table 5.
Against this high environmental variability, no genetic variability in grain Se
concentration was observed. The total sample size for the targeted survey (which included
data from the SA S-4 cereal and Charlick trials and the Sunco-Tasman population below)
was 170; grand mean: 155 pg kg' (SD 101, SE 15); median: 100 pg kg'; range: 5
(Kingscote, Kangaroo Island: var. Janz) — 720 pg kg (Minnipa, Upper Eyre Peninsula:
var. Krichauff). This is a 144-fold variation, which compares with a three-fold variation in
grain Zn concentration in the same sample (range: 11-34 mg kg'l).



Table 5. Comparison of grain Se concentration in three bread wheat varieties grown at
two field sites in South Australia in 2000 (subset of South Australian wheat Se survey)

Site Variety Replicate Grain Se concentration (ug kg')
Mean (SE)  Range

Roseworthy Krichauff 110 80 (14) 35-110
100
97
35
58
98 92 (5) 82-98
97
82
110 109 (7) 97-120
97
120
120 162 (40) 88-270
88
170
270
120 392 (117) 110-690
110
690
520
520
140 142 (16) 115-170
170
115

Excalibur

Janz

Bordertown Krichauff

Excalibur

Janz

U)NHM-QUJNPK-PW[\)#WN'—*UJN'—'M-PWNH

The survey was not designed to be comprehensive, but rather to provide an indication of
the range and commonly occurring concentrations of grain Se as well as the extent of
within-site environmental variability. The only comprehensive published survey of grain
Se concentrations in South Australia used pooled wheat and barley samples from 107 and
100 silos, respectively, across the state in the 1981 season for wheat and the 1981 and
1982 seasons for barley. That study found ranges of 47-316 ng kg' and 32-276 pg kg
and medians of 170 pg kg and 125 pg kg‘l for wheat and barley (1981 season only),
respectively (Babidge, 1990). This is well above the median of 100 pug kg'l found in the
current 2000/2001 survey, though similar to its mean of 155 (SD 101) pg kg'. A survey
of plasma Se levels in South Australian residents, conducted by our group, indicated that a
decline of around 20% in plasma Se concentration occurred in South Australia from 1977
to 1987, but there has been no further decrease (Lyons et al, 2004b). This may have been
due partly to a reduction in the Se level in wheat over this decade. The wheat grain Se
concentrations found in the current South Australian survey are generally higher than
those of New Zealand, China, UK and Europe, but lower than those of Canada and the
USA (Adams et al, 2002; Combs, 2001; Lyons et al, 2003).

W7984 x Opata 85 recombinant inbred lines analysis

The 31 lines analysed had a mean grain Se concentration of 7 ug kg' (SE 1). While there
was a range of 4-14 ng kg" (3.5-fold), it was considered that these Se levels were to0 low
to allow meaningful assessment of genetic variability, and no further lines were analysed.
Zn concentrations ranged from 67-129 mg kg", Na from 9-57 mg kg, and Mn from 18-54
mg kg'. Grain Zn and Fe concentrations were strongly correlated (r = 0.8, p = 0.001).
Opata 85, which was bred at CIMMYT, is known to be a good average variety for grain
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7Zn and Fe concentration and can thus be useful as a standard check for these nutrients in
trials.

Sunco-Tasman doubled-haploid population analysis

The parents and 28 DH progeny grown at Roseworthy Agricultural College, South
Australia in 2000 had the following grain Se concentrations. All values are pg kg
parents: Sunco: 90; Tasman: 140. DH progeny: range: 26-130 (5-fold); mean 78 (SD 26,
SE 5). This was a more promising distribution than that found for the Opata synthetics,
although none of the progeny had a grain Sc concentration as high as the higher parent,
and 71% of the progeny were below the lower-Se parent. Progeny lines 96-8-8 (lowest
Se) and 96-8-446 (highest Se) were selected for assessment in the next trial.

Neither of the wheat population studies could be considered definitive as the samples
represented only a subset of the total lines that comprise the populations, and were not
replicated. Moreover, the soil pot assay suggested that the relatively high variability in the
Roseworthy Sunco-Tasman DH survey may be due to soil Se variation, while the Opata
synthetic inbred recombinant lines were grown on a soil too low in available Se to allow
expression of differences in Se uptake efficiency. In view of the superior grain Se density
found in Aegilops tauschii in the CIMMYT trial, a future study of the Opata synthetics
(which are formed by crossing Ae tauschii [DD] with durum wheat, Triticum turgidum
[AABB] var. Altar 84, and then crossing the resultant synthetic hexaploid with the bread
wheat, Triticum aestivum var. Opata85), but this time growing the lines in solution
containing around 100 pg 1"' Se through to maturity, may yield information on the location
of genes involved in Se uptake and grain loading.

Charlick wheat variety trial

No effect of wheat variety on grain Se concentration was found in this trial. However, the
bread wheats had a higher grain S concentration than the durum wheats (p = 0.005) (mean
1386 mg kg v 1293 mg kg').

South Australian cereal trials 2001

The analysis of variance of data comparing grain Se concentration of four different cereal
species (bread wheat, triticale, rye and barley) grown at four diverse sites (a subset of the
SARDI S-4 trials), and using 4 replicates, showed an interaction between the site and
cereal-type variables (p = 0.003) as well as main effects of site (p < 0.001) and cereal (p
=0.03). Rye had a higher grain Se concentration (93 png kg’l) than triticale (71), wheat
(71) and barley (64). There was no significant difference between the latter three. The
grand mean was 75 pug kg" (SE 7). As with the previous wheat surveys/trials, grain Se
concentration was variable (22-fold; range 9-200 ug kg'), while grain Zn concentration
varied just 2.3-fold (range 12-28 mg kg'). Rye was higher in grain Zn concentration, but
no different from the other cereals in grain S or copper (Cu) concentration. The highest
grain Se content was 707 mg ha’', recorded for rye grown at the Bute site.

It is known that rye is more Cu- and Zn-efficient than wheat (Graham, 1978; Cakmak et
al, 1999b) and may have higher grain Cu concentration than wheat or triticale (Kozak &
Tarkowski, 1979), so it is not surprising that rye had higher grain Se and Zn
concentrations in the field trials, although the S and Cu concentrations were no different
from the other cereals, and a survey in Finland found rye grain to be generally lower in Se
concentration than wheat grown on soils of comparable Se level (Eurola et al, 1990). It
was observed that each South Australian rye sample contained around 30% dark-coloured
seed. In a subsequent analysis of rye grown at Callington, South Australia, the dark seed
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was found to contain less than half the Se concentration of the light-coloured seed from
the same sample: 170 v 390 ug kg (mean of duplicate samples).

The influence of soil characteristics on available soil Se concentration is shown in Table 6.
The table includes sites surveyed or used for trials as above.

Table 6. Typical soil types of South Australian sites classified by soil available Se status®

Soil Se status Sites Typical soil type

Very low Kangaroo Island, Greenpatch, Palmer, Sandy loam over ironstone;
Keith pH (H,0) 5-6

Low Charlick, Piednippie Sandy loam; pH 6.3-7.5

Medium Roseworthy, Stow, Callington, Variable; pH 5.7-8.3
Paskeville, Mintaro, Bute, Frances,
Turretfield

High Minnipa, Fisher, Nangari, Loxton, Sandy loam/loamy sand; low
Lock Fe,C & S; pH 6-8.6

4 As estimated by wheat grain Se concentration
Table compiled from SARDI Crop Harvest Report 2000/2001; University of Adelaide and SARDI
site records.

Glasshouse soil pot assay

This trial was conducted to assess Se uptake into the leaves of diverse wheat varieties,
including those identified in the preceding surveys and trials as being possibly high or low
in Se uptake efficiency, as well as rye. Although the soil was carefully mixed to try to
ensure homogeneity, there was still large variation between the duplicate samples, e.g.
Sunco: mean leaf Se concentration 124 pg kg, with a SE of 37. None of the varieties that
were considered to be genetically either high or low in grain Se density were indicated as
such by this trial. Indeed, the mean for the three “high Se” wheat varieties (Poland 4,
Portugal 153, Tasman) plus the highest Sunco-Tasman DH progeny (96-8-446) plus the
rye was 99 pg kg'l, while the mean for the “low Se” variety (Navarre 46) and the lowest
Sunco-Tasman DH progeny (96-8-8) was 117 ug kg'. However, there is the possibility
that the genotypes tested differ in Se retranslocation from the shoots into the seeds (grain
loading), which was not tested in this or the following trial. Grain Se concentration of the
seed used in the trial was found to be not associated with leaf Se concentration.

Phytotron hydroponic pot assay

The results of this trial, conducted in order to reduce background Se variation, are
summarised in Table 7. All plants appeared healthy throughout the trial, with no
symptoms of deficiency or toxicity.
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Table 7. Comparison of foliar Se and S concentration and foliar Se content in wheat
and rye grown hydroponically for 22 days. Means of four replicates

Variety Yield Seconc. Secontent S conc. S content.

(@° (mgkg') (ugplant™) (mgkg)  (mg plant’?)
Mean (SE)

Poland 4 0.19 27(1.4)  5(0.7) 6850 (263) 1.3 (0.1)

Navarre 46 0.23 21(1.2)  5(0.5) 5825 (375) 1.3(0.1)

Rye (Bevy) - light ~ 0.27 25(1.2) 7(0.8) 6350 (335) 1.9(0.2)

Rye (Bevy) -dark  0.19 19 (0.8) 4(0.3) 5300 (155) 1.2(0)

“ Shoot (top) yield per plant (DW)

> Shoot only

Mean root yield per plant: 0.06 g (DW).
LSD (5% level): yield: 0.07g; Se concentration: 3 mg kg'; Se content: 1.5 pg plant": S
concentration: 750 mg kg S content: 0.4 mg plant”.

Although limited, in that it tests influx into roots and transport to foliage, but not grain
loading, of only the highly soluble, highly mobile selenate Se form, this trial supports the
finding from the field trial that Bevy rye (at least, when grown from normal, light-
coloured seed) may have higher Se uptake efficiency than wheat. The dark-seeded rye
was lower than rye grown from light-coloured seed in concentration and content of Se, S
and Mn, but higher in Zn and P concentration and content. The explanation for the
difference between the two seed forms of the same rye genotype remains elusive. This
trial would also be unable to detect variety-specific differences in root-induced changes in
the soil, which could affect Se solubility.

Selenate, the most soluble Se form in soil, is taken up by the roots mostly via the main
sulphate transporter, a high-affinity permease (Cary & Gissel-Nielsen, 1973). In this trial
Se and S concentrations were highly correlated (r = 0.97, p < 0.01), suggesting that most
of the selenate influx and transport to the foliage was via the main sulphate transporter.
The rye grown from normal, light-coloured seed was higher in both foliar Se and S content
(which is probably a better short-term measure than concentration) than either of the two
wheat landraces or the rye grown from dark seed (p < 0.001). There were no differences
in foliar Se or S content between the latter three. Several sulphate transporters exist in
higher plants, some of which show tissue-specific expression (Hawkesford & Prosser,
2000), and several sulphate transporter genes have been isolated in wheat (P. Buchner,
Rothamsted, UK, personal communication). Breeding wheat for increased expression of S
transporters and in particular the main S transporter could be expected to increase grain Se
density. However, a recent survey of bread wheats in the UK found no correlation
between grain Se and grain S concentrations (Adams et al, 2002). Moreover, enhanced
uptake efficiency for selenate, as might be identified in hydroponic studies, may be of
limited value in wheat grown on soils of very low available Se, where most Se is present
as selenite, selenide and elemental Se forms (Cary & Allaway, 1969). For the same
reason. the transfer of relevant genes from a Se accumulator like Astragalus bisulcatus
may not be productive, as they appear to involve uptake and transport of soluble Se forms
only (Goodson et al, 2003).

In the absence of an identified high-yielding, high-protein, disease-resistant wheat variety
with superior Se uptake efficiency on soils with low available Se, agronomic
biofortification using sodium selenate offers an effective alternative strategy to increase
grain Se density, although there is minimal residual effect in the soil and thus the selenate
must be applied annually (Gissel-Nielsen, 1998; Lyons et al, 2003, 2004a).
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Conclusions

Surveys and field trials that included diverse wheat germplasm as well as other cereals
found grain Se concentrations in the range 5-720 nug kg"'. Grain Se concentration of wheat
grown in Mexico was mostly in the range 30-200 png kg’l, while South Australian-grown
wheat was commonly in the range 70-280 pg kg'l, which is higher than that of most
wheat-growing countries, but lower than North America. The diploid wheat, Aegilops
tauschii and rye had significantly higher grain Se concentrations than other cereals in field
trials (and, for rye, in solution culture), but no significant genetic variability was detected
among commercial bread or durum wheat varieties, triticale or barley. Grain Se
concentration appears to be determined overwhelmingly by soil available Se
concentration, which is influenced by pH, redox potential, cation exchange capacity, and
levels of organic carbon, S, Fe and Al. For producing wheat with higher grain Se density,
agronomic biofortification may be a more practical and productive strategy than trying to
breed improved Se uptake efficiency and retranslocation to the grain into existing high-
yielding varieties.
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ABSTRACT

Selenium (Se) is an essential micronutrient for animals and humans, and wheat is an
important source of this element. This study, using grain dissection, milling with a
Quadrumat mill, and baking and toasting studies, investigated the distribution of Se and
other mineral nutrients in wheat grain, and the effect of post-harvest processing on their
retention. Se concentration was higher in the embryo than the endosperm (which included
the aleurone layer in this study), which was higher than the seed coat. However, the
difference in Se concentration between the embryo and the aleurone/endosperm was only
1.5-fold, compared with a mean 7-fold difference for Fe, Mn, Zn and Cu. Se and S were
more evenly distributed than other mineral nutrients through the bran and flour fractions
after milling. Genotypic variation in grain distribution of several minerals was observed
in the dissection and milling studies. For example, the bread wheat cultivar Krichauff had
a higher proportion of total grain Cu, Mn, Fe and Zn stored in the embryo than cultivar
Kukri. Further studies comparing more cultivars are needed. Selection of varieties with a
higher proportion of nutrients in the endosperm would be desirable in order to increase
their concentration in white flour. In the meantime, consumers should continue to be
encouraged to maximize the nutritional value of cereals by consuming whole grain
products. Milling, baking and toasting resulted in no absolute losses of any of the
minerals tested.

Keywords: selenium, zinc, iron, COpper, manganese, wheat, distribution, processing,
milling.

INTRODUCTION

Se is an essential micronutrient for animals and humans. However, it is estimated that
around a billion people may be deficient (/) and many more sub-optimal (2, 3). Wheat is
an important source of bioavailable Se (4, 5), and its content can be increased by
application of Se to the growing crop or to the soil (6, 7). In order to maximize the
amount of Se in wheat products, it is necessary to limit processing losses, yet there is little
information in the literature on this topic.

It is well known that a lot of nutrients are removed in the milling residue during milling of
wheat to white flour (8), and there is evidence that processing, at both industrial and
domestic levels, influences Se levels in food (9, 10). Several studies report a reduction in
the Se concentration of white flour compared with unmilled grain or whole wheat flour,
ranging from 4-47%, with a mean around 27% (11, 12, 13). This compares with a
decrease in concentration from whole wheat to white flour for Zn, Fe and K in the range
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41-80% (11, 14, 15). A study that investigated the Se content of wheat flour (73% flour
extraction) found that it contained 63% of the grain’s total Se (/6).

In contrast to other nutritional elements, these results suggest that Se, like S, is more
evenly distributed throughout the wheat grain, with a higher proportion stored in the
endosperm. This is not unexpected, as both Se and S are mostly protein-bound. However,
there is a need for further studies that examine how much Se is stored in the different
components of the grain, and whether there is any total loss of Se or other nutrients during
post-harvest processing.

Studies into the effect of different cooking methods on Se content of foods have produced
varying results. Some have found that usual cooking procedures do not result in Se losses
for most foods (/6-18), whereas a Greek study into the effects of frying, grilling, boiling
or canning found that all foods lost some Se. Cereals lost 5-25% of their Se after extended
boiling in water (9).

Baking studies have also yielded equivocal findings. Some found Se losses of around
15% (19, 20), while others reported no losses (21, 22). A study into the effect of various
commercial thermal processes found no effect on Se concentration in whole grain wheat
from steam flaking, autoclaving or popping. Se concentration in white flour was
unaffected by extrusion cooking, but drum-drying decreased it by 23% (23).

This study will investigate the distribution of Se and other mineral nutrients (including Fe,
Zn, Mn, Cu) in wheat grain by dissection and analysis of the seed coat layers, endosperm
plus aleurone layer, and embryo of the grain, and also whether there is any total loss of Se
and other minerals during the processing of wheat grain through to human consumption of
bread or toast, by analysing Se and other minerals in whole grain, and then after milling,
baking and toasting.

MATERIALS & METHODS

Grain dissection study

Four bread wheat (Triticum aestivum L) cultivars, Krichauff, Kukri, Stylet and VMS506
were studied. Of these cultivars, samples of Krichauff and Kukri were taken from a
previous field trial, conducted at Charlick Experimental Farm of The University of
Adelaide, Strathalbyn, South Australia in 2002. The samples of Stylet and VMS506 were
obtained from plants grown in University of California soil mix (24). However, only
Krichauff and Kukri were included in the analysis of Se in the grain, with both cultivars
having a similar and relatively high grain Se concentration (around 400 pg/kg).

After 24-hour imbibition with high-purity water (>18 M ohm resistivity) water at 4°c,
seed tissues were carefully separated under microscope, using a scalpel. The seed was
dissected into seed coat (which comprised 6 layers: the epidermis, hypodermis, cross cells,
tube cells, testa, and nucellar tissue), embryo, and endosperm plus the aleurone layer. The
staining of the aleurone layer with Amido black (Naphtol blue-black) (25) showed that the
aleurone layer remained attached to the endosperm during dissection. Following excision,
the tissues were placed in Eppendorf tubes. Three replicates of 23 seeds each were
dissected.



Analytical method

Se in wheat grain, its milling fractions, bread and toast was analyzed by hydride
inductively coupled plasma optical emission spectrometry (ICPOES) (Ciros, Spectro
Analytical Instruments, Cleve, Germany). Samples were digested with nitric/perchloric
acid and finished with perchloric/hydrochloric acid and sodium borohydride. The method
was based on that of Tracy & Moller (26). In addition to the Se analysis, samples from the
digests prepared above were further analyzed by normal liquid nebulisation ICPOES for
the following mineral nutrients: Fe, Zn, Mn, and Cu. In the processing studies below, Ca,
Mg, Na, K, P, and S were also analyzed.

Milling study

For the study of Se concentration in whole grain and its milled fractions, four wheat
varieties were selected, two bread wheats and two durum wheats (T. turgidum L). The
samples of the commercial bread wheats, Krichauff and Carnamah, had been found in a
previous study to vary widely in Se concentration. The durum wheats tested were
Tamaroi and a University of Adelaide breeder’s line, Waite Durum 99006 (WD99006).
Although normally used for pasta rather than breadmaking, it was considered that these
harder, higher-protein wheats could provide a useful comparison with the bread wheats in
this study. The durum wheats and one of the bread wheats (Krichauff) were grown at
Strathalbyn, South Australia, while the Carnamah bread wheat was grown near Esperance,
Western Australia.

A sample of 600 g of grain from each of the four varieties was prepared for milling. This
involved determination of hardness and moisture content in a 15 g sub-sample by Near
Infrared 300 analyzer (Perten Instruments DS 7000), and conditioning by addition of
around 10 ml of high-purity water per 300 g sample (3% moisture) 24 hours before
milling. Each sample was then milled in a Quadrumat Junior laboratory mill (Brabender,
Duisburg, Germany) to produce two fractions: a milling residue comprising bran and germ
(embryo), and white flour (endosperm and aleurone). The flour was then sieved for 6
minutes in a Simon sieve through 150 p silk to separate pollard from the flour. The flour
extraction rate was 60% for the bread wheats and 45% for the durum wheats, both of
which are relatively low. The milling fractions were weighed and samples analyzed as
above. The procedure was duplicated, and the data presented as mean values. A sample
of whole grain of each variety drawn from the same sample that was milled was also
analyzed. The whole grain samples were not ground prior to acid digestion. All samples
were oven-dried for 48 hours at 70 °C prior to acid digestion.

Comparison with the whole grain analysis enabled determination of any losses of Se or
other mineral nutrients that may have occurred as a result of milling. We were also able to
calculate the amounts (and hence proportions) of Se and other minerals that are stored in
the bran/germ, pollard and flour fractions of the wheat grain.

Baking procedure

In order to assess possible losses of Se and other mineral nutrients due to baking, we used
samples of 100 g each of white flour of the two bread wheat varieties, Krichauff and
Carnamah, milled as above. A commercial bread yeast was added at 0.42% by weight and
high-purity water added at 67% by weight. The dough was kneaded on a floured plate
until elastic, then left at room temperature (25 °C) until double its initial size. It was then
placed in an oven at 210 C and baked until golden-brown (35 minutes). The procedure
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was duplicated, and the data presented are mean values. The flour and bread samples were
dried in an oven for 48 hours at 70 OC prior to acid digestion and ICPOES analysis, and the
results compared. A sample of the yeast was also analysed to determine its contribution to
the tested nutrients.

Toasting trial

Two loaves of fresh, pre-sliced, plastic-wrapped, commercially made bread were
purchased: one white and one wholemeal. A commercial kitchen toaster was used for the
trial, and a temperature of around 200°C was reached close to the element. Two toasting
treatments were tested: 65 seconds, which resulted in lightly-browned toast (“light”), and
80 seconds, which produced well-browned — but not burned — toast (“heavy”). The toaster
was warmed-up by running for one minute, then after a further minute the trial began.
There was an interval of one minute between each toasting treatment. Three slices of
bread per loaf were subjected to each treatment. All toasted slices, along with three
untoasted slices per loaf (controls) were dried at 70 °C for 48 hours, prior to acid digestion
and ICPOES analysis.

Statistical analysis
Where appropriate, variance analyses were conducted using GenStat 6™ edition (Lawes

Agricultural Trust, Rothamsted, UK), including a Kruskal-Wallis one-way analysis of
variance for the toasting trial.

RESULTS & DISCUSSION

Distribution of Se, Fe, Zn, Mn and Cu in grain
The results of the dissection study are presented in Tables 1 and 2.

Table 1. Concentration, content and proportion of Se in grain fractions of two bread wheat
cultivars. Standard errors are based on three replicates except for whole grain (two
replicates)

Concentration Content Proportion

Cultivar Fraction (ng/kg) (ng) (%)

Embryo 823 + 89 0.6%0.1 2.9
Krichauff ~ Endosperm 543 +78 203 96.2

Seed coat 200 £ 20 02%0 1

Whole grain 510172 18+3

Embryo 593 + 58 030 L5
Kukri Endosperm 433+ 11 19+1 97.4

Seed coat 157 £20 020 1

Whole grain 410 £49 18+£2

NB: Endosperm includes the aleurone layer in this study.



Table 2. Concentration and proportion of Cu, Fe, Mn and Zn in different fractions
of the grain of four bread wheat cultivars. Standard errors are based on three replicates.

Concentration (mg/kg) Proportion (%)’
Cultivar Embryo  End osperm’ _ Seed coat Embryo Endosperm” _ Seed coat
Cu  Krichauff 22403 610.1 410.1 6.4 91.8 1.8
Kukri 1310.7 5+0.0 430.7 25 95.5 1.9
Stylet 24+1.1 410.2 10£0.0 15.5 79.3 5.2
VM506 = 28402 600 10£0.0 123 83.6 4.1
Fe  Krichauff  149+1.0 41103 167£16.0 55 85.1 9.3
Kukri 11943.0  35+0.7 87+2.9 32 91.1 5.6
Stylet 143+1.4  23+0.8 27807 18.5 79.0 2.5
VM506 151409 26104 2140.6 15.2 82.8 2.1
Mn  Krichauff 250+5.8  25%0.3 7416.7 14.1 79.6 6.3
Kukri 209+10.7 24%0.3 64123 8.0 86.0 6.0
Stylet 313+8.8 24106 112423 30.4 61.9 7.7
VYM506 207+6.7 20104 63+1.9 23.0 70.3 6.6
Zn  Krichauff 154450 1406 1310.2 16.1 81.9 20
Kukri 15743.0  13£0.7 11+0.6 10.6 87.4 1.9
Stylet 23045.8  23%1.0 18£1.0 26.9 71.6 1.5
VMS506 194433 25403 42408 19.5 78.7 1.7

" Proportion derived from seed nutrient content (ng/seed), not concentration.

2 Endosperm includes the aleurone layer in this study.

Cultivars Krichauff and Kukri were grown together, and cultivars Stylet and VM506 were
grown together.

The embryo contained the highest concentration of all the minerals analyzed (p < 0.001),
except for Fe in Krichauff, where a higher Fe concentration was observed in the seed coat.
It is apparent that Se is more even in concentration throughout the grain than the other
nutrients tested.  Se concentration in the embryo is just 1.5 fold that in the
endosperm/aleurone, compared to 9.4-fold for Mn and 11.5-fold for Zn. However, Se
concentration was higher in the embryo than the endosperm/aleurone, which was higher
than the seed coat (p < 0.001). Although Krichauff had a numerically higher Se
concentration in the embryo than Kukri, the difference was not significant. Mn followed
the embryo > seed coat > endosperm/aleurone concentration gradient (p < 0.001), while
for both Cu and Zn, concentrations were similar in seed coat and endosperm/aleurone.

The endosperm/aleurone fraction, due to its much greater weight compared to the other
fractions (eg a mean of 73 times the embryo weight), contained the bulk of all nutrients
tested. Our results differed from those of another grain dissection study, which found the
seed coat to contain 55-77% of total seed nutrients (except S, which was 40%) for two
wheat genotypes. The discrepancy between this and our study may be due to the authors’
inclusion of the aleurone with the seed coat (27).

Although not all cultivars tested in this study were grown under the same conditions
(Krichauff and Kukri in the field; Stylet and VM506 in the glasshouse), comparisons of
genotypes grown under the same conditions point to genotypic differences in
concentration, content and proportion of Cu, Fe, Mn and Zn. Krichauff had a higher
concentration of most nutrients in most seed sections studied, but content was not
necessarily higher, due to the larger grain size of Kukri. Stylet had higher concentrations
of Zn and Mn. In the seed coat, Fe and Mn were higher in Stylet, while Zn was higher in



VMS506. Although some of the differences in concentration may be due to differences in
the proportion of the seed sections between genotypes (concentration or dilution effect),
the differences in content or proportion indicates that breeding for increased
concentrations of these nutrients may be feasible. Testing of a large number of cultivars
grown under the same conditions in the future may reveal a greater variation in
concentration, content and proportion of these important nutrients than that found in this
study.

Distribution of 11 mineral nutrients in milled grain fractions

In the milling trial, the bread wheat varieties yielded more flour (60%) (pollard included)
than the durum wheat varieties (45%). In all varieties tested, Se and S were distributed
more evenly throughout the grain than were the other nutrient elements tested. In
Krichauft, for example, the flour fraction contained 36% of the total grain Se content but
only 5% of total Mn, 9% of iron and 13% of Zn. Tt is likely that these low flour extraction
rates (compared with commercial rates of 70-76%) would have resulted in no aleurone
tissue remaining in the flour. The aleurone comprises 5-10% of total grain weight and
contains higher concentrations of minerals and vitamins than the endosperm (28,29).
Hence, high flour extraction rates result in retention of more of the aleurone layer in the
flour, with resulting higher amounts of mineral nutrients in the flour.

This variation in distribution was also reflected in nutrient concentrations. For example, in
the bread wheats, Se concentration in flour was 85% (SE 5) of that in whole grain and
71% (SE 2) of that in bran, similar to the findings of our dissection study and of other
studies (11, 16), but represented a more even Se distribution than that found by a Belgian
study (I3). Se was around 1.4 times more concentrated in bran than in flour, whereas Mn
was 19 times more concentrated. For Fe, the concentration in flour compared with whole
grain and bran was 24% and 12%, respectively, a finding similar to an earlier trial (30).

Figure 1 illustrates the variation in distribution of mineral nutrients in the bread wheat
cultivars, particularly between Se/S, which are largely protein-bound, and the other
minerals, with Ca in between. Less Se (51%), S (49%) and Ca (67%) were removed in the
milling residue than occurred with the other minerals (77-91%).
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Figure 1. Removal of mineral nutrients in milling residue (% of whole grain content).
Mean (SE) of two bread wheats (two replicates of each). Flour extraction: 59%. Dry
weight basis.

Thus white bread can contain reasonable concentrations of Se, S and Ca, but is generally
(unless fortified) low in Fe, Zn, Mn and Cu. Moreover, it has been shown that the loss of
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7n through milling to white flour is greater than the inhibitory effect of fibre components
and phytate upon Zn absorption from the gut, when whole wheat products are consumed
(31,32).

Although the four wheats tested had variable flour extraction rates in this trial, genotypic
variation in the distribution of most minerals throughout the grain (with the exception of
Se and S) was apparent. Using the parameter of concentration in flour/concentration in
bran x 100%, Mn varied 3-fold (4-12%), Fe 3-fold (9-26%), Cu 2.5-fold (16-40%), and Zn
2-fold (13-26%). There was less variation within either bread or durum wheats, gencrally
1.5 - 2-fold. These findings support those of a study that analyzed 27 bread wheat
cultivars grown under the same conditions (30). When the above formula is applied to
their data, 2-fold variations are evident for Mn, Fe and Zn, and 1.5-fold for Cu. Their
study did not include Se or S. A study of 6 bread wheat cultivars indicated genotypic
differences in concentrations of Cu, Fe, Mn and Zn in different milling fractions (bran,
straight-grade flour, and whole-wheat flour). For example, the range in Zn concentration
was 44-81, 9-34 and 21-28 mg/kg DW in bran, straight-grade flour and whole-wheat flour,
respectively (33). These results suggest that selection pressure could be applied for
evenness of distribution of these nutrients throughout the wheat grain, i.e. for higher
concentration in the endosperm. This would result in lower losses of these nutrients in
milling to white flour and higher bioavailability due to lower levels of phytate and fibre
components in endosperm compared with bran.

Milling losses

When the Se content of each milled fraction was determined, then totalled and compared
with the Se content in the same weight of whole grain, it was found that there was a mean
loss of 1% (for bread and durum wheats combined), well within the error of the analytical
method. The data for the bread wheat cultivars are presented in Table 3. Furthermore,
there were no losses of any of the other minerals analyzed. Concentrations and
proportions of Cu, Fe, Mn and Zn are shown in Table 4. It can be concluded that milling
resulted in no absolute loss of any of the minerals tested.

Table 3. Concentration, content and proportion of Se in the whole grain and
milled fractions of two bread cultivars. Data represent means of two replications
and standard errors.

Concentration Content Proportion

Cultivar Fraction (ng/kg) (ng) (%)

Bran 6014 7.1£1.0 45
Krichauff Pollard 38+7 2.010.5 13

Flour 412 5.610.3 36

Whole grain 5144 15.720.5 100

Bran 410%15 56.1+2.0 54
Carnamah Pollard 300x10 21.2+1.5 20

Flour 300120 30.212.0 29

Whole grain 335425 103.549.0 100




Table 4. Concentration and proportion of Cu, Fe, Mn and Zn in whole grain and
milled fractions of two bread wheat cultivars. Data represent means of two
replications and standard errors.

Concentration (mg/kg) Proportion (%)
Bran Pollard Flour Whole Bran Pollard Flour
grain
Cu Krichauff 8.3+0.2 1.630.2 1.3%£0.0 3.710.2 79 7 14
Carnamah 64403 1.620.3 1.630.1 4.8+0.3 71 9 14
Fe Krichauff — 82+7 7.240.8 7.0£1.0 3313 88 3 9
Carnamah  56*1 78404 82103 30%2 85 6 9
Mn Krichauff 9716 57+0.1 3.610.2 3443 94 2 4
Carnamah 5212 62403 5.3+0.1 23%2 88 5 7
Zn Krichauff 5742 8.3+0.1 7.2402 24*1 83 5 12
Carnamah  39%+1 6.140.0 5.610.2 21%2 84 7

Baking losses

There were no significant losses of any of the tested minerals due to the baking process.
The mean 4% (SE 1) loss of Se can be explaired in terms of the small sample size and the
Se detection limits of the analytical method (ICPOES). This agrees with a study that
found no effect of most thermal processes tested on Se content of wheat or white flour
(23). For all minerals there was a mean gain of 6% (SE 4) in concentration/content after
baking, part of which can be attributed to nutrients in the yeast, which, although added to
the flour at the low ratio of 1:240 (by weight) had relatively high concentrations of Fe (56
mg/kg), Zn (96), Na (390), K (21,000) and P (10,300). Bioavailability of some of the
minerals may be increased by baking due to hydrolysis of phytate (33).

Toasting losses

There was no loss in concentration or content of Se or any other mineral tested, due to
toasting, whether light or heavy. This finding supports those of Ferretti & Levander (16),
who found negligible Se loss during the manufacture of wheat or corn breakfast cereals,
and Hakansson (23). The Se data are presented in Table 5. The wholemeal bread was
higher than the white bread in all minerals except Se, S and Ca. The white bread had
clearly been fortified with Ca, to achieve its concentration of 1,900 mg/kg (compared to
570 in the wholemeal bread). The white bread’s Ca:Mg ratio of 4.4 would be considered
less desirable for cardiovascular health than the wholemeal’s 0.5 (35,36)

Table 5. Se concentration in bread before and after toasting (14 g/kg). Data
represent the means of three replications and standard errors

Sample Treatment
Untoasted  Lightly Loss (Gain) Heavily  Loss (Gain)
toasted (%) toasted (%)
White bread 177 £3 170 £6 4 167 £3 6
Wholemeal 170 0 177 £3 4 170 £0 0

bread

No significant difference between treatments (Kruskal-Wallis test).



Even if some loss of Se occurred due to cooking/toasting/baking, this may be compensated
by an increase in bioavailability. In a feeding trial of chickens on an initially Se-deficient
diet, those chickens which were supplied with Se from baked bread had a 26% higher
survival rate than those with a raw bread source (37). On the other hand, another trial,
using rats, found that after 60 days’ feeding Se supplied in white dough was more
effective than that supplied in either baked dough (biscuit) or whole wheat meal in raising
Se concentration in whole blood or liver, but Se in whole wheat was more effective than
the others at restoring/raising the important antioxidant selenoenzyme, glutathione
peroxidase levels in whole blood and liver. This may be because flour obtained after
milling processes may have a higher selenomethionine concentration  (38).
Selenomethionine is less effective than several other Se forms (including selenocysteine)
in raising glutathione peroxidase activity (39). Further research is needed to determine the
distribution of different Se species in cereal grain.

CONCLUSION

In conclusion, this study showed that Se and S were present in proportionately higher
amounts in the endosperm than were the other mineral nutrients analyzed, and hence white
flour, which is the most widely used cereal grain product, contained a higher proportion of
the whole grain content of Se and S than it did of the other nutrients. The embryo had
higher concentrations of Se, Mn, Zn and Cu than the endosperm+aleurone or the seed coat.
The combined findings of the dissection and milling studies suggested the importance of
the aleurone layer as a store of nutrients. The low flour extraction rate (60%) would have
minimised the aleurone content of the flour fraction, and for the bread wheat Krichauff,
for example, the flour fraction contained 36% of the total grain Se content but only 5% of
total Mn, 9% of Fe and 13% of Zn. Genotypic variation in the concentration and content
of most minerals between the endosperm and the aleurone-+bran fractions was suggested in
the milling study, and in distribution of Cu, Fe, Mn and Zn in the dissection study.
However, further studies comparing more cultivars grown together are needed to confirm
this. No absolute losses occurred of Se or any of the other mineral nutrients, due to
processing of whole wheat grain by milling, baking or toasting.
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Abstract

The fertilisation of wheat crops with Se is a cost-effective method of enhancing the
concentration of organic Se in grain, in order to increase the Se intake of animals and
humans. However, it is important to avoid phytotoxicity due to over-application of Se.
Studies of phytotoxicity of Se in wheat grown in Australia, where rainfall and grain yield
are usually relatively low, have not been reported previously, and overseas results have
been varied. This study used trials conducted in the field, glasshouse and laboratory to
assess Se phytotoxicity in wheat. In field trials that used rates of up to 120 g Se ha' as
selenate, and in pilot trials that used up to 500 g Se ha™ soil-applied or uP to 330 g Se ha™!
foliar-applied, on soils of low sulphur (S) concentrations (2-5 mg kg'), no Se toxicity
symptoms were observed. In pot trials of four weeks’ duration, the critical plant level for
Se toxicity was around 325 mg kg DW, a level attained by addition of 2.6 mg Se kg to
the growth medium as selenate. Solution concentrations above 10 mg Se I'! inhibited early
root growth of wheat in laboratory studies, with greater inhibition by selenite than
selenate. For selenite, Se concentrations around 70 mg I'' were required to inhibit
germination, while for selenate germination % was unaffected by a solution concentration
of 150 mg Se I Leaf S concentration and content of wheat increased three-fold with the
addition of 1 mg Se kg'l as selenate to the growth medium. This effect is probably due to
the induction of the S deficiency response of the main sulphate transporter. This study
found wheat to be more Se-tolerant than did earlier studies of tobacco, soybeans and rice.
We conclude that Se phytotoxicity in wheat will not be observed at the range of Se
application rates that would be used to increase grain Se for human consumption (4-200 g
Se ha! as selenate, which would result in soil and shoot levels well below those seen in
the above studies), even when — as is common in Australia — soil S concentration and grain
yield are low.

Keywords: phytotoxicity, selenium, sulphur, wheat (Triticum aestivum L.).

Introduction

Higher plant species vary widely in Se uptake and accumulation in shoots and other edible
parts, and also in tolerance to high Se concentrations in solution, soil or shoots
(Marschner, 1995). Primary Se-accumulators such as Astragalus bisulcatus L. may
contain as much as 15,000 mg Se kg'1 DW, which is toxic to livestock (Beath et al., 1937).
It is likely that this ability to accumulate and tolerate high concentrations of Se has
evolved as a defence against insect herbivores (Hanson et al., 2003; Pickering et al., 2003).
On the other hand, tobacco and soybeans are Se-sensitive and can be affected by
concentrations as low as 1 mg Se kg'1 in culture media (Martin & Trelease, 1938). Toxic
plant tissue levels of Se are generally above 5 mg kg'1 (Reilly, 1996), but among
agricultural crops the phytotoxicity of Se is variable (Mikkelson et al., 1989a).



Studies of Se phytotoxicity in wheat have also reported varied results. One study reported
an inhibition of plant growth at a shoot concentration of 4.9 mg Se kg in wheat grown for
45 days, and even the relatively low soil concentration of 0.2 mg Se kg'l as selenate
produced harmful effects, including growth reduction and chlorosis (Tripathi & Misra,
1974). However, a five-day study found that a solution containing 20 mg Se I as selenate
did not affect germination in wheat, whilst the early growth of wheat and lucerne was
slightly reduced (Lintschinger et al., 2000). Of all the plant species tested by Carlson et al.
(1989), wheat was the least sensitive to Se, with no effect on germination at up to 32 mg
Se I'! in culture solution, as selenite or selenate, while reduction in root growth occurred
above 2 mg Se I''. Selenite is generally more toxic to plants than selenate (Smith &
Watkinson, 1984; Carlson et al., 1989). Se phytotoxicity can be reduced by increased
levels of sulphate or phosphate in the soil or culture solution and increased S in the roots
and shoots (Bollard, 1983).

It is important not to over-fertilise cereal crops with micronutrients because of possible
toxicity effects and reduced quantity and quality of grain yield (Rengel et al., 1999).
Although it is unlikely that phytotoxic effects would occur at the range of selenate
applications that would normally be used to biofortify wheat with Se (i.e. 10-200 g ha™)
(Yldranta, 1983; Lyons et al., 2004), the variable findings of earlier studies indicate that
further research is needed to clarify the threshold of toxicity of Se in wheat. Furthermore,
studies of phytotoxicity of Se in wheat grown in Australia, where abiotic stressors
including low soil fertility and low moisture levels usually result in grain yields lower than
those commonly found in North America and Europe, have not been previously reported.
Importantly, the low S and P status of many Australian soils may produce different
outcomes for plant nutrition and toxicity when Se is added as a fertiliser, compared to
many other countries.

Materials and methods

This study included field trials, soil pot trials conducted in a glasshouse, and in vitro trials.
Several trials involved very young plants, as it has been shown for wheat and corn that
they are more susceptible than mature plants to Se toxicity (Rosenfeld & Beath, 1964).

Field trials

Field trials were conducted at two South Australian sites, Charlick and Minnipa, in 2002,
where Se was applied as sodium selenate at rates from 0-120 g Se ha'! either to the soil at
seeding or as a foliar spray after flowering. At Charlick, 70 km south of Adelaide, a
2x5x2 factorial trial with a split-split-plot design and four replications was conducted.
Two commercial bread wheat varieties, Krichauff and Kukri were each randomly
allocated to one of two whole plots within each replicate. The whole plots were then
divided into five sub-plots and randomly assigned Se treatments of 0, 4, 12,40 and 120 g
ha! applied as sodium selenate. These sub-plots were further divided into sub-sub-plots
and randomly allocated with soil or foliar Se treatments. Growing season (April to
October) rainfall was 211 mm, and mean grain yield was 1.8 t ha'. The final harvested
area per plot was 3.5 m>. At Minnipa, 400 km north-west of Adelaide, a 5x2 factorial trial
with a split-plot design and four replications was conducted, using var. Krichauff.
Selenium application rates (the same as for Charlick) were randomly allocated to the five
whole plots within each replicate. The whole plots were divided into two sub-plots and
randomly allocated with soil or foliar Se treatments. Growing season rainfall was 219
mm, and mean grain yield was 1.4 t ha'. These trials are described fully elsewhere



(Lyons et al., 2004). The sites differed in soil type and in characteristics that determine Se
availability (Table 1).

Table 1. Comparison of surface soil characteristics at two South Australian sites

Charlick Minnipa
Soil texture Clay loam Sandy loam
pH (H,0) 6.6 8.6
Conductivity 0.05dS m’ 0.11dSm”
S 4.4 mg kg 2.4 mg kg
Fe (DTPA) 66 mg kg 7 mg kg’
Reactive Fe’ 773 mg kg’ 293 mg kg
P (Colwell) 57 mg kg’ 22 mg kg’
Organic c* 13,300 mg klg" 7,800 mg kgl'"
Se <200 pg kg <200 ug kg

“ Bxtractable S determined using calcium hydrogen phosphate.

bReactive Fe determined by ammonium oxalate extraction. It includes ferrihydrite, magnetite and
organically-bound Fe.

¢ Organic C determined by sulphuric acid/dichromate method. The amount of chromic ions is
proportional to the organic C oxidised, and is measured colorimetrically at 600 nm.

4 Total soil Se determined by inductively coupled plasma mass spectrometry (ICP-MS) after
digestion with nitric/perchloric acid.

Glasshouse trials

Two trials were conducted in the glasshouse, using wheat. The growth medium used was
University of California (UC) potting mix (Barker et al., 1998), Waite Campus version
(University of Adelaide). This comprises 400 litres of coarse washed sand, 300 litres of
peatmoss, 700 g calcium hydroxide, 480 g calcium carbonate and 600 g Nitrophoska
15:4:12 (which contains, inter alia, 5.3% sulphates), with pH (H,0) of 5.5.

Trial 1

The growth medium was sieved (3 mm aperture) to remove pebbles and weighed into 2.5
kg lots. Sodium selenate derived froma 0.1 M stock solution was added with enough pure
water (Milli-Q) to make a total of 300 ml water per pot (19 cm diameter x 17 cm depth) to
achieve 12% (w/w) water content. The selenate solution was mixed with the growth
medium by shaking vigorously in a plastic container. Selenium was applied at the
following rates: 0, 1, 2, 4, 8, 16, 32, 64 and 132 mg kg". There were two replications (18
pots total). Wheat seed (bread wheat cultivar Janz, that contained a low Se concentration
of S5ug kg‘]) was pre-germinated on filter paper and planted at 1.5 cm depth, 12 seeds per
pot in late June, 2001. Pots were watered to weight regularly with pure water, and at each
watering were shifted randomly on the bench. After six days, the four smallest plants per
pot were culled, leaving eight plants per pot. Whole tops were harvested at 22 days and
fresh weights recorded, then dried for 48 hours at 80°C, and analysed for Se and mineral
nutrients. Mean air temperatures throughout the trial were 18°C day and 10°C night, with
mean relative humidity of 65%.

Trial 2
This trial was conducted with UC growth medium, Janz wheat (eight plants per pot) and
two replications, as in the first trial, but used larger pots (21 ¢cm diameter x 17.5 cm depth)

containing 4 kg soil. Selenium application rates included several additional lower levels
(0, 0.01, 0.1 and 0.5 mg Se kg') and excluded the highest levels used in the first trial (32
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mg kg'l and above). The trial was planted in late August, and whole plants (including
roots) were harvested after 30 days. The youngest emerged leaves (YEL) and the dead
leaves (from the 4, 8 and 16 mg kg treatments) were separated from the remainder of the
tops, and, after drying for 48 hours at 80°C, were analysed separately. Mean air
temperatures throughout the trial were 23°C day and 13°C night, with mean relative
humidity of 60%.

In vitro trials

Trials were conducted to determine the effect of different concentrations of selenate and
selenite in solution on germination and root and shoot growth over two days post-
germination, using seed of the bread wheat cultivar Janz, which had a low grain Se
concentration of 5 pg kg'. These trials used 15 cm Whatman ashless filter paper in 15 cm
plastic Petri dishes, 20 ml of solution (using Milli-Q water; this volume ensuring the seeds
had sufficient contact with the solution to enable imbibition and germination without
being submerged and thus subject to lack of oxygen) and 20 seeds. Seeds were placed on
the wet filter paper, and lids placed on the Petri dishes, which were then transferred to an
incubator at 24°C in darkness. After 48 hours the Petri dishes were removed and placed in
a freezer, with upper and lower surfaces exposed to ensure rapid cessation of growth.
Once frozen, Petri dishes were removed singly and thawed. Total root length (usually
from a radicle and two lateral roots) and shoot length for each plant were measured with a
ruler.

The trials used 12 concentrations of either selenate or selenite, ranging from 0 to 363 mg
Se l'l, with three replications. The selenite trial was conducted at 240C, but in the selenate
trial, the incubator malfunctioned soon after commencement and the temperature climbed
to 280C, so the two trials, although indicating the threshold of toxicity for each Se form,
cannot be directly compared for growth.

Chemical analysis

Grain samples from the field trials and leaf samples from the pot assays were analysed for
Se using hydride-inductively coupled plasma optical emission spectrometry (ICP-OES),
based on the method of Tracy & Moller (1990), and for 12 mineral nutrients (Fe, Zn, Mg,
P, S, Mn, B, Cu, Mo, Ca, Na, and K, using ICP-OES at the University of Adelaide’s Waite
Analytical Services laboratory, South Australia. The reference plant material used was
NIST durum wheat flour (8436) with a certified Se concentration of 1.23 mg kg™ for grain
samples, and NIST peach leaves (1547) with a certified Se concentration of 0.12 mg kg
for leaf samples.

Statistical analysis

Analyses of variance were conducted using Genstat 6" Edition (Lawes Agricultural Trust,
Rothamsted Experimental Station, UK).

Results and discussion
Field trials

In the field trials there was no effect of Se (either soil- or foliar-applied at rates of up to
120 g Se ha! as selenate) on grain yield (Table 2).



Table 2. Wheat grain selenium concentration and yield at two South Australian field sites
in 2002. Selenium applied as selenate. Means of four replications. Cultivar: Krichauff.

Charlick Minnipa
Soil Foliar Soil Foliar
Serate Grain Se Yield Grain Se Yield Grain Se  Yield Grain Se Yield
conc. conc. conc. conc.
(gha') (ugkeg) (tha') (ugke") (tha')  (ugkg!) (tha') (ugkg') (tha')
0 57 1.89 65 1.89 600 1.41 650 1.44
4 205 1.82 145 1.80 1050 1.48 888 1.43
12 355 1.82 354 1.80 940 1.41 1,130 1.48
40 2,125 1.83 597 1.76 2,730 1.40 1,780 1.42
120 8,325 1.79 1,240 1.88 11,950 1.46 3,580 1.49

SE of differences in means: Charlick: 395 (grain Se); 0.14 (yield).
Minnipa: 600 (grain Se); 0.07 (yield).
LSD: Charlick: 790 (grain Se); 0.28 (yield).
Minnipa: 1,220 (grain Se); 0.14 (yield).

Furthermore, in pilot trials that used up to 500 g Se ha! soil-applied or up to 330 g Se ha™’
foliar-applied in soils with relatively low S concentrations (2- 5 mg kg ") (Lyons et al.,
2004) and field trials in Finland that used up to 500 g Se ha'! (Yliranta, 1983), no Se
toxicity symptoms were observed. At low soil S, more Se is taken up by the plants, and at
low shoot S, Se is more toxic (Bollard, 1983; Mikkelsen & Wan, 1990); hence, as no Se
toxicity was evident at a low-S site (which also had low Fe, low C and high pH; all soil
characteristics that increase Se availability) like Minnipa, it would be unlikely to occur,
using similar Se application rates, on most soils found in the Australian wheatbelt. It is of
interest to note that, although the soils at both sites were found by ICP-MS to have similar
total Se concentration (<200 pg kg), there was a ten-fold difference in available Se as
estimated by Se concentration in the grain of wheat grown at these sites: Charlick 60 pg
kg'; Minnipa 625 ug kg

Glasshouse trials

Trial 1

In the first pot trial, a wide range of Se applications was tested, up to the high level of 132
mg Se kg as selenate. Selenate’s moblhty and solubility was reflected in the high shoot
Se concentrations, even at 1 mg kg, the lowest level of applied Se (see Table 3). This
trial showed that a Se level above 2 mg kg applied as selenate (which produced around
200 mg Se kg in shoots) inhibited growth. In contrast, another study using soil-applied
selenate and wheat grown for 45 days found growth inhibition above the relatively low
plant tissue Se concentration of 5 mg kg (Tripathi & Misra, 1974). Soil and shoot S
levels were not reported by Tripathi and Misra (1974), but if these were very low it could
explain the high Se susceptibility of the plants in that study. Caution should be exercised,
however, in comparing our results using an artificial growth medium with those from a
soil substrate.



Table 3. Effect of applied s

oil selenium on plant yield and concentration of selenium and

sulphur in shoots of wheat grown for 22 days in UC growth medium treated with sodium
selenate. Mean (SE) of two replicates

Applied Se
(mg kg’
soil)

Shoot FW*
(mg/plant)

Shoot Se conc.
(mg kg )

Shoot S conc.
(mg kg *)

Se toxicity symptoms

0

1
2
4
16
32

64

132

730 (40)
720 (10)
700 (40)
520 (40)

280 (10)

200 (10)

100 (0)

40 (0)

20 (0)

0.1 (0.01)
85 (8)
209 (11)
685 (105)

1465 (45)

1440 (10)

1745 (95)

1810 (80)

870 (80)

5200 (100)

9300 (500)
10900 (100)
16150 (950)

21250 (1750)

9850 (350)

6000 (400)

3650 (50)

2900 (200)

None
None
None

Stunting, mainly of 2™
youngest leaf; bleached 2" and
3" youngest leaves in some
plants; leaf tip necrosis and
exudate.

Stunting; wilting; chlorosis; tip
necrosis and exudate; bleached
2" and 3" youngest leaves in
most plants.

Stunting; wilting and tip
necrosis and exudate (but less
than the 8 mg/kg plants);
chlorosis; complete bleaching
of the 2" and 3" youngest
leaves.

Severe stunting, wilting,
chlorosis and bleaching.
Severe stunting, leaf tip
exudation and chlorosis; some
bleaching on lower part of
leaves.

Plants 2 cm tall; most dark
green.

“ Fresh weight
" Dry weight

Visual symptoms of Se toxicity in our trials, such as growth reduction and bleached
leaves, were similar to those reported in other studies (Tripathi & Misra, 1974; Smith &

Watkinson, 1984).
Sulphate and selenate compete for various enzymes in the S
n of selenocysteine into protein instead of cysteine alters disulphide bridge
activity (Brown & Shrift, 1982). A similar effect was

incorporatio
formation, which reduces enzyme

Selenium phytotoxicity appears to involve several mechanisms.

assimilation pathway, and

observed for selenomethionine as a substitute for methionine (Eustice et al., 1981). For

example, the bleaching indu

inhibition of porphobilinogen synthetase,

(Padmaja et al.,
nitrate in leaves (Aslam et al.,
(De Kok & Kuiper, 1986). More recently,
antioxidant and inhibits lipid peroxidation at
at higher concentrations and can increase lipid per

2000).

Trial 2

1989). Furthermore, both selenate

ced by excess Se (Smith & Watkinson, 1984) may be due to
an enzyme required for chlorophyll biosynthesis
and selenite inhibit the reduction of
1990), and selenate may inhibit glutathione biosynthesis

it has been found that, while Se acts as an

low concentrations, it has the opposite effect
oxidation products (Hartikainen et al.,

The second trial used lower levels of Se and again found growth inhibition due to Se
above 2 mg kg' as selenate (230 mg Se kg" in plant tissue) (Table 4 and Figuore 1). The



plants were bigger in this trial as it was conducted in conditions of higher temperature and
light intensity than the first trial, and the plants were grown for eight days longer.

Table 4. Plant yield and concentration of selenium and sulphur in shoots
of wheat grown for 30 days in UC mix growth medium treated with
selenium as sodium selenate. Mean (SE) of two replicates

Applied Se Shoot dry wt ~ Shoot Se conc.  Shoot S conc.

(mg kg" soil) (mg/plant) (mg kg'l) (mg kg")
0 677 (1) 0.1 (0.02) 3500 (0)
0.01 748 (11) 0.34 (0.02) 3750 (50)
0.1 617 (3) 3.1 (0.02) 4150 (150)
0.5 730 (9) 29 (1) 7450 (250)
1 692 (42) 75 @) 9200 (0)
2 674 (25) 230 (10) 11350 (150)
4 504 (3) 500 (30) 12600 (300)
8 221 (25) 875 (35) 14400 (100)
16 50 (8) 2250 (250) 17350 (1850)
800
700 - * y = -0.0006x” - 0.0605x + 695.87
= R? = 0.9452
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Figure 1. Effect of applied sodium selenate on selenium concentration and growth of
shoots of wheat grown for 30 days. Mean (SE) of two replicates. The threshold of
toxicity is defined as the concentration of the nutrient in the shoot above which a 10%
reduction in growth can be expected (Andrew & Hegarty, 1969).

Root weights followed a similar trend to shoot weights. There were no visual symptoms
of Se toxicity in plants up to and including the 2 mg Se kg" soil treatment, and the
symptoms in the higher-Se plants were similar to the corresponding plants in Table 1. The
critical nutrient concentration for toxicity has been defined as the concentration in the
shoots above which a 10% reduction in growth can be expected (Andrew & Hegarty,
1969). The combined results of these two trials suggest that, for wheat grown on a sandy
loam soil of pH (H,0) 5.5 containing normal mineral nutrient levels in the Fresence of the
most available Se form (selenate), the critical level is around 325 mg Se kg DM, which is
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attained with the application of around 2.6 mg Se kg' as selenate to the soil. This

compares with critical Se toxicity levels for rice of 81 and 160 mg kg™, for flooded and
upland rice, respectively (Mikkelson et al., 1989b). Moreover, in seleniferous regions
such as parts of South Dakota, wheat is able to accumulate Se at concentrations of up to 63
mg kg'1 in grain without apparent detriment to the plants (Moxon et al., 1943). However,
as our glasshouse trials were conducted using UC mix growth medium, further studies are
recommended, using typical agricultural soil with varying concentrations of available S
and C.

The youngest emerged leaves (YEL) were analysed separately for Se concentration and
found to contain the same Se concentration as the remaining leaves for the control and
lowest Se treatments (0.01 and 0.1 mg kg'), but 26% lower for the higher Se treatments.
The oldest leaves (which were dead) in the plants at two of the high Se treatments (4 and 8
mg kg"l) were also analysed separately and had 2.5-3 times the Se concentration of the
other leaves (excluding the YEL). The oldest leaves, which had experienced greater total
transpiration than the younger leaves, accumulated the highest concentrations of Se, up to
2200 mg kg in the plants treated with 8 mg Se kg

The plants grown at the 0.01 mg Se kg level were around 11% bigger (combined weight
of roots and tops) than controls, but there were only two replicates, and a larger trial would
be needed to investigate whether this was really a case of growth enhancement by Se.
Moreover, a fungicidal effect of higher tissue Se concentrations on powdery mildew
(Erysiphe graminis) was observed during this trial:

Shoot Se concentration (mgkg’lj Extent of infection

Less than 80 Medium to heavy
200-500 Light
More than 800 None

Selenium sulphide is effective against tinea capitis in humans (Pomeranz & Sabnis, 2002),
but little research has been done on Se as a fungicide in plants. However, a study using
Indian mustard (Brassica juncea 1.) found a similar Se fungicidal effect to our study
against a leaf pathogen, Alrernaria brassicicola Schweinitz (Hanson et al., 2003). A
further study using Indian mustard found Se in phloem to be lethal to aphids at shoot Se
levels as low as 2 mg kg' (Hanson et al., 2004). Itis a question worthy of investigation
whether Se might have some protective effects at Jower, more common, levels of foliar Se.

In vitro trials

Selenate

Using three replicates of cultivar Janz at 28"C (compared with 24°C in the selenite trial) it
was found that inhibition of early root and shoot growth commenced at 12 mg Se [, but
the magnitude of inhibition was not large (a finding similar to that of Lintschinger et al.
(2000) in a five-day study), being just 27% for roots and 31% for shoots at the highest Se
treatment of 152 mg I'' (Figure 2). The threshold of toxicity for applied Se (the culture
solution Se concentration that resulted in a 10% yield reduction from the control level)
was 15 mg r.
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Figure 2. Inhibition of wheat root growth after 48 hours’ contact with sodium selenate
solution at 28°C. Mean (SE) of three replicates. LSD (0.05) for root length: 10.2 mm.

Neither this trial nor that of Lintschinger et al. (2000) found growth inhibition at the low
concentration of 2 mg Se ' whether supplied as selenate (or selenite, as reported by
Carlson et al (1989) in a 3-day trial). No inhibition of germination was observed in the
current trial, even at the 152 mg I'! treatment. This is a higher level than that which
reduced germination in our unreplicated preliminary trials conducted at 24°C, so the 4°C
higher temperature of the main trial may have increased seed/plant tolerance to Se
toxicity. If this were the case, these solution trials may not safely define threshold levels
of applied Se in the field where germination temperatures may be less than 10°C.
However, another study conducted at high temperatures (28°C day/21°C night, 16/8 hour
day/night) found a lower tolerance of wheat for Se than found by our group at 24°C
(Carlson et al., 1989). The effect of temperature on Se phytotoxicity warrants further
investigation.

Selenite

Using three replicates of cultivar Janz, it was found that inhibition of early root growth
commenced at 10 mg Se "', and the magnitude of inhibition at all treatment levels was
greater than that for selenate. For example, growth was reduced by 50% at 38 mg r!
(Figure 3), compared to a reduction of 15% for selenate at this level.

Shoot growth was less inhibited by selenite than was root growth, with no inhibition
observed until a solution concentration of 24 mg Se I'' was reached, compared with a
solution threshold of toxicity for root growth of 11 mg I''. Inhibition of germination
commenced at 76 mg I', but was not great, even at the 167 mg I'' treatment (10%
reduction). The germination findings for both Se forms agree with other studies (Spencer
& Siegel, 1978; Carlson et al, 1989; Lintschinger et al., 2000).

Most studies have shown that sclenite, when provided in solution culture, is more toxic
than selenate in higher plants (Smith & Watkinson, 1984; Carlson et al., 1989; Lauchli,
1993; Terry et al., 2000), although the reverse is the case for tall fescue (Wu et al., 1983).
With selenite a higher proportion is assimilated in the roots (Gissel-Nielsen, 1987), and



selenite undergoes faster conversion to selenoamino acids, which may partly explain its
higher toxicity, despite a lower uptake rate (Smith & Watkinson, 1984).
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Figure 3. Inhibition of wheat root growth after 48 hours’ contact with sodium selenite
solution at 24°C. Mean (SE) of three replicates. LSD (0.05) for root length: 8.6 mm.

Increase in leaf S due to selenate

Applied selenate was observed in the glasshouse trials of Se phytotoxicity to increase the
concentration and content of S in the leaves of wheat (Tables 3 and 4). For example S
concentration and content increased three-fold with the addition of 1 mg Se kg"l as
selenate, in our unpublished study using two vetch species, (Astragalus hamosus and A.
sinicus L.), two radish varieties (Raphanus sativum L.) and Arabidopsis thaliana L.
Heynh. This effect was also seen in both field trials, where Se applied as selenate to the
soil at seeding at a rate of 120 g ha”! increased foliar S by 100% above the mean S
concentration for all the lower Se treatments and the controls at Minnipa, and by 20% at
Charlick. By contrast there was no effect on grain S concentration (Lyons et al., 2004).
The difference in magnitude of the S concentration increase between the two sites may be
due to the lower soil S at Minnipa (2.4 mg kg') compared to Charlick (4.4 mg kg™, as the
S-increasing effect of selenate is reduced or absent at higher S levels (Mikkelsen & Wan,
1990). This effect of selenate in increasing foliar S concentration and content has been
reported in perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.)
(Smith & Watkinson, 1984), barley (Hordeum vulgare L.) and rice (Oryza sativa L.) at
low concentrations of sulphate in solution culture (Mikkelsen & Wan, 1990), and in
Arabidopsis in a short-term study (Yoshimoto et al., 2002). Arabidopsis plants grown in
the presence of selenate showed patterns of mRNA accumulation for the main sulphate
transporter gene similar to those in plants deprived of S. The presence of increased
concentrations of selenate in the roots appears to trigger the S deficiency response of the
main S transporter (Yoshimoto et al., 2002). However, it also appears that selenate at very
high concentrations in the soil (greater than 40 mg Se kg") may inhibit the main sulphate
transporter (see Table 3).
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Conclusions

Trials conducted in the field, glasshouse and laboratory revealed that wheat is more
tolerant to high levels of Se in growth media than has been found in studies for other
species, including rice (Mikkelsen et al., 1989b), tobacco and soybeans (Martin &
Trelease, 1938). No yield reduction was observed in the field at Se applications up to 500
g hal. Pot trials suggested that, for wheat grown on a sandy loam substrate of pH (H20)
5.5 with normal mineral nutrient levels, a critical shoot level for Se toxicity of around 325
mg kg’1 results from the addition of 2.6 mg Se l(g'1 to soil as sodium selenate, the most
soluble Se form. However, growth inhibition of less than 10% may commence at shoot
concentrations of 200 mg Se kg (obtained by applying 2 mg Se kg as selenate). It is
important to note that the pot trials were not conducted using soil, and further studies
using soil with variable concentrations of available S and C should be conducted to
provide definitive results. As shown in the field trials, different grain Se concentrations
will result from the same Se applications on different soils.

Leaf S concentration and content of wheat increased three-fold with the addition to growth
media of 1 mg Se kg' as selenate. The effect was probably due to induction of the S
deficiency response of the major sulphate transporter.

In laboratory trials which examined germination and early growth in wheat, selenite was
more toxic than selenate, and inhibited root growth more than shoot growth. Inhibition of
root growth by both Se forms generally commenced at a Se solution concentration of
around 10 mg I''. while inhibition of germination commenced at concentrations around
four times higher for selenite and eleven times higher for selenate. In one trial, it appeared
that higher temperature may have increased tolerance to selenate, which warrants further
investigation.

The combined results of these studies indicate that Se phytotoxicity in wheat will not
occur at the range of application rates of sodium selenate that would be used to biofortify
wheat in Australia.
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4. General Discussion

Selenium: essential for human health

Although not proven to be essential for higher plants, selenium (Se) is an essential
micronutrient for human and animal health, with antioxidant, anti-viral and anti-cancer
effects (Rayman, 2000, 2002). Cancer prevention appears to require a supra-nutritional Se
intake, but in some regions Se is declining in the food chain (Combs, 2001; Frost, 1987),
and new strategies are needed to increase its intake. It is estimated that at least a billion
people are Se deficient (Combs, 2001), and its deficiency in much of Sub-Saharan Africa
has been postulated as a determinant of the rapid spread of HIV/AIDS in this region
(Foster, 2003).

Clarifying the Se status of South Australians

Few surveys of Se levels in Australians have been conducted and most have been small.
Given the geographical variability in Se intake and blood levels and their sensitivity to
changes in the food supply, it is necessary to use local data to accurately monitor Se
status. In order to determine the Se status of healthy South Australian residents, a survey
of nearly 300 Adelaide blood donors was conducted. The study yielded a mean plasma Se
concentration of 103 pg/l, which is above that of most countries, and just above the
estimate of 100 pg/l required for maximising the activity of the important antioxidant
selenoenzyme, glutathione peroxidase (Rayman, 2000). However, only 8% of men
surveyed reached 120 pg/l Se, a plausible target for maximum protection against prostate
cancer (Brooks et al, 2001; Duffield-Lillico et al, 2002; Rayman & Clark, 2000), which is
the most commonly diagnosed solid tumour and the second leading cause of cancer
mortality in Australian men (Meuillet et al, 2004). These findings indicate that many
Australian men (given that most previous Australian post-1990 studies found lower Se
levels than this study) would be in the responsive range for lower risk of prostate cancer
by increasing their Se intake. We conclude that men living in Australia with a plasma Se

concentration below 100 ug/l would be likely to benefit from Se supplementation.

The inclusion of data from earlier South Australian surveys conducted by the South

Australia Research and Development Institute (to give a total sample size of 834
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individuals) resulted in the largest human Se survey yet conducted in Australia, and it
showed a 20% decline in the Se status of South Australians sampled from 1977 to 1988.
This may be due to changes in dietary composition and/or a decline in the mean Se
concentration of South Australian wheat (Zriticum aestivum L.), given the importance of
wheat as a source of dietary Se (Barrett et al, 1989; Watkinson, 1981), and this apparent
decline will be discussed below in the context of surveys of Se concentration in wheat

grain.

Less-healthy sub-groups of the South Australian population than the groups surveyed in
this study, such as heavy smokers (Kafai & Ganji, 2003; Luty-Frackiewicz et al, 2002)),
people with low socioeconomic status and the frail elderly (Bates et al, 2002), could be
expected to have substantially lower levels of blood Se. Pregnant and lactating women
(Cumming et al, 1992; Golubkina & Alfthan, 1999) and infants (Daniels et al, 2000) are

also at risk of low Se status.

Strategies to increase selenium intake

Background

Given that the Australian population (and a fortiori the populations of the many countries
with a lower Se intake) would be likely to benefit from an increased Se intake, how could
this be best achieved? Options include increased consumption of higher-Se foods (such as
Brazil nuts, cereals, meat and fish) through education; addition of Se to water supplies (as
is done with fluoride in Australia); individual supplementation; food (process)
fortification; and biofortification, including supplementation of livestock, use of selenium
fertilisers, and plant breeding for enhanced selenium accumulation. Each option shall be

discussed briefly in the following two sub-sections.

Dietary composition, drinking water, supplementation, food fortification

Globally, wheat is one of the most important dietary sources of Se. The sensitivity of a
population’s Se status to changes in its source of wheat is illustrated by the United
Kingdom, where blood Se levels have declined by around 50% since changing from high-
Se Canadian and USA-grown wheat to low-Se European wheat in the mid-1980s
(Rayman, 2000). In Australia, it is estimated that nearly half of our Se intake is provided
by wheat (Barrett et al, 1989). Brazil nuts provide the most concentrated natural food

source of Se, but their Se level is highly variable (Chang et al, 1995). There is currently
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no food available to Australians that contains a reliable moderate-to-high (i.e. around 1
mg/kg) Se concentration. Inorganic Se could be added to a population’s water supply, but
a proportion would be adsorbed on organic and clay particles and become unavailable, and
furthermore, organic Se (usually selenomethionine) is preferable to selenate or selenite as
a dietary Se form for humans (Reilly, 1996). Se supplements in both inorganic and
organic forms are available in Western countries. However, the health-conscious
individuals who take them tend to be those least in need of supplements, and studies
suggest that dietary sources of Se, vitamin E and beta-carotene are more bioavailable and
more effective than supplements (Moyad, 2002). Food or process fortification has been
used successfully with folate-enriched breakfast cereals, Fe-enriched milk, iodised salt,
carotene- and vitamin E-enriched margarine, as well as selenised salt in Se-deficient
regions of China. Continual inputs and rigorous quality control are required, and
fortification programs have frequently failed in developing countries due to lack of

infrastructure and compliance (Graham & Welch, 1996).

Biofortification

Biofortification with Se may involve supplementation of livestock, fertilisation of food
crops or breeding food crop varieties with enhanced Se uptake efficiency to achieve higher
Se density in edible parts. Supplementation of livestock with Se is unlikely to be an
efficient strategy to increase Se level in the human population. In New Zealand, little
increase in the Se content of human foods was observed after the introduction of Se
supplementation for farm animals in the 1960s (Thomson & Robinson, 1980). However,
addition of selenate to NPK fertilisers for use on crops and pastures in Finland since 1984
has been an effective method to increase the entire population’s Se status (Aro et al,
1995).  Another option is plant breeding, which represents a self-sustaining Se
biofortification strategy. Substantial variability exists within cereal crop varieties for Zn,
Fe and other nutrients (Graham et al, 2001), and this may also be the case for Se, but little
research has been done. It is considered that the strategies of plant breeding for enhanced
Se uptake efficiency (or genetic biofortification) and Se fertilisation (or agronomic
biofortification) are the most desirable methods to increase Se status as they represent a
food systems approach that could deliver increased Se to a whole population safely,
effectively, efficiently and in the most suitable chemical forms. A food systems paradigm
encompasses an agriculture that aims not only at productivity and sustainability, but also

at improved nutrition (Welch & Graham, 1999). The remainder of this discussion will
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focus on our investigations of these two strategies as they relate to wheat, the most

important Se source for the Australian population.

Genetic biofortification of wheat with Se

Wheat-Se concentration is highly variable

To determine whether a breeding approach was feasible to increase the Se concentration
of wheat, surveys and field trials were conducted in Australia and Mexico. Diverse
genotypes, including ancestral and wild relatives of wheat, landraces, modern commercial
bread and durum wheats, doubled haploid populations, synthetic wheats, triticale, rye and
barley were analysed. Grain Se concentration varied 144-fold, from 5 pug/kg (grown on a
high-Fe lateritic soil on Kangaroo Island, South Australia) to 720 ug/kg (grown on a high
pH, low Fe, low S, low organic matter soil at Minnipa, Eyre Peninsula, South Australia).
7n, on the other hand, varied three-fold in the same sample. The grand mean for Se was
155 pg/kg (SE 15), and the median was 100 pg/kg. Most wheat grown in South Australia
from 2000-2002 was in the range 70-280 ug Se/kg. While a more extensive, systemmatic
survey of the state’s entire wheatbelt is needed, this study provisionally places South
Australian wheat higher than New Zealand, the UK, most of Europe and China, but lower

than Canada and the USA for grain Se concentration.

Grain Se concentrations varied across location and appeared lower than those presented
for the 1981 season in South Australia (Babidge, 1990), the most recent published
Australian survey before the current study. The Babidge study found large differences
between regions and an overall median Se concentration of 170 pg/kg (range 47-316). A
possible decline in soil Se levels in the SA wheatbelt in the 1980s may have been due to
more intensive cropping (Gissel-Nielsen, 1998), increased use of gypsum (which contains
around 20% sulphur [S], a Se uptake competitor) for canola growing and to treat sodic
soils, or a combination of factors. This is a plausible explanation for the decline in human

Se status in South Australia during the 1980s observed in our human surveys.

Genotypic variation of Se density in modern wheat cultivars is difficult to detect

The genotype x environment studies showed that most of the variation in grain Se
concentration was due to available soil Se. Total soil Se was found to be an unsuitable
indicator of availability. Although it is commonly stated in the literature that a total soil

Se concentration of up to 0.6 mg/kg is considered to be deficient (Gupta & Gupta, 2000),
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this may need to be revised as our study found at least a 100-fold variation in available
soil Se (as determined by Se concentration in wheat grain, e.g. Kangaroo Island 5 pg/kg,
Minnipa 720 pg/kg) in soils testing < 0.2 mg/kg of total Se. The Minnipa site grew the
highest-Se wheat in the survey, and could not be considered Se-deficient. South
Australian soils are renowned for their micro-spatial variability in available micronutrient
concentration (RD Graham, personal communication), and this study shows this to be
particularly so for Se. Spatial variation in available soil Se, even within an individual site
(for example, at Bordertown, a six-fold variation in grain Se concentration was found
between samples from four replicate plots of a single wheat cultivar grown together in one
field) was found to be large, making detection of genotypic differences in Se uptake
efficiency difficult. In the trials conducted in Mexico, the soil Se variation, while not as

large as in South Australia, was substantial.

No significant genotypic variation in grain Se density among modern commercial bread or
durum (7. turgidum L. var durum) wheat, triticale (X Triticosecale Wittmack) or barley
(Hordeum vulgare L.) varieties was detected in this study. However, the diploid wheat,
Aegilops tauschii L. and rye (Secale cereale 1.) were significantly higher in grain Se
concentration than other cereals in separate field trials, and in a short-term hydroponic trial
rye was significantly higher in foliar Se content than two wheat landraces. While
genotypic differences may exist in modern wheat varieties, they are likely to be small in
comparison with background soil variation, at least in South Australia and Mexico. Field
sites that are spatially very uniform in available soil Se would be needed to allow
comparison of grain Se concentration and content in order to assess genotypic variation.
Moreover, enhanced uptake efficiency for selenate (the most soluble, mobile Se form), as
might be identified in hydroponic studies, may be of limited value in wheat grown on soils

of very low available Se, where most Se is present as selenite, selenide and elemental Se

(Cary & Allaway, 1969).

Agronomic biofortification of wheat with Se

Soil-applied selenate: a little goes a long way

Fertilisation of wheat with Se, or agronomic biofortification, was investigated for the first
time in Australia, as an alternative to breeding to raise grain Se concentration. Se applied
as selenate to the soil at seeding was more effective than post-anthesis foliar application

on soils of variable pH (6.5-8.5 pH H,0), Fe (7-66 DTPA Fe), S (2.4-4.4 mg/kg) and
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organic carbon (0.8-1.3%) content. This finding, together with the absence of crop

damage from pre-sowing application to soil, and the knowledge that Australian cereal
crops are usually subjected to late-season moisture and heat stress, which result in rapid
reduction of viable leaf area, suggests that soil application would be the preferred method
of Se biofortification for a majority of soil types found in the Australian wheatbelt.
However, further trials, where foliar Se is applied earlier, for example from late stem

elongation (Zadok stage 38) to mid ear emergence (Zadok stage 55) are needed.

The highest conversion efficiency in these trials was obtained with the highest Se
application (120 g/ha), so the most efficient way to biofortify may involve treating a
relatively small area with a high Se application, then blending this grain with average-Se
grain to achieve the desired Se concentration. Moreover, the method is inexpensive, with
the selenate likely to cost less than $20/ha to achieve a high grain Se concentration of 10
mg/kg Se on a wide range of soil types (assuming a selenate cost of $50/kg, and grain

yields below 2.7 t/ha).

Tolerance of wheat to high soil and solution Se levels

Studies of Se phytotoxicity in wheat grown in Australia, where rainfall and grain yield are
usually lower than in Europe, the UK, Canada and the USA, have not been reported
previously, and overseas studies have presented varied results. This study used trials
conducted in the field, glasshouse and laboratory to assess Se phytotoxicity in wheat. It
revealed that wheat is more tolerant to high levels of Se in growth media than has been
found in other studies for various other species, including rice (Mikkelsen et al, 1989),

tobacco and soybeans (Martin & Trelease, 1938).

In field trials that used rates of up to 120 g/ha Se as sodium selenate, no yield reduction or
other adverse effects were observed. Moreover, in unreplicated pilot trials using selenate
at up to 500 g/ha Se soil-applied or 330 g/ha Se foliar-applied, no Se toxicity symptoms
were seen. These findings are similar to those of a study conducted in Finland using
barley grown at higher yields (5 t/ha) (Ylaranta, 1983). The four-week soil pot trials
conducted in a glasshouse revealed a critical tissue level for Se toxicity of around 325
mg/kg, a level attained by the addition of 2.6 mg/kg of soil Se as selenate. Petri dish
studies of germination and early root growth, where seeds were bathed in Se solution,
found no inhibition of germination at up to 150 mg// Se as selenate, or up to 23-39 mg/kg
Se as selenite. Inhibition of early root growth commenced at 6-13 mg/kg for both Se



53

forms, but inhibition was greater from selenite. The germination findings are in
agreement with other studies (Carlson et al, 1989; Lintschinger et al, 2000; Spencer &
Siegel, 1978), but we found early wheat growth to be more tolerant to high solution Se
levels than did Carlson et al (1989) and Tripathi & Misra (1974). In one trial, it appeared
that higher temperature may have increased tolerance to selenate, which warrants further

investigation.

The significance of the combined results of these trials is to indicate that wheat is quite
tolerant to high levels of available Se in soil or solution, and toxicity would not occur at
the range of application rates of selenate that would be used to biofortify wheat (10-200
g/ha Se, that would result in soil and tissue Se levels well below those seen in the above
studies), even when — as is common in Australia — soil S concentration (which affects Se

uptake and toxicity) and grain yield are low.

Selenate increases leaf S concentration

In the Se-wheat fertilisation field trials and the Se phytotoxicity trials it was observed that
selenate applied to soil or solution culture increased the concentration of S in the leaves of
all species tested: wheat (where S concentration and content increased nearly three-fold
with the addition of 1 mg/kg Se as selenate to soil), the legumes Astragalus hamosus L.
and A. sinicus L., radish (Raphanus sativum L.) (all grown on soil) and Arabidopsis
thaliana L. Heynh (grown hydroponically). This effect has been reported in perennial
ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.) (Smith & Watkinson,
1984), barley and rice (Oryza sativa L.), but only at low concentrations of sulphate in
solution culture (Mikkelsen & Wan, 1990), and in Arabidopsis in a short-term study
(Yoshimoto et al, 2002). Plants grown in the presence of selenate showed patterns of
mRNA accumulation of the main sulphate transporter gene similar to those in plants
deprived of S. The presence of increased concentrations of selenate in the roots appears to
trigger the S deficiency response of the main S transporter (Yoshimoto et al, 2002).
However, one of our trials showed that selenate at very high concentrations in the soil

(greater than 40 mg/kg Se) may inhibit the main sulphate transporter.

S decreases grain Se concentration
The field trial that investigated the effect of different combinations of applied N and S on
grain Se concentration found that a relatively low application of 30 kg/ha S decreased

grain Se concentration by 16%. This confirms the findings of other studies, although only
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one reported a significant Se reduction from a comparable S application in the field
(Adams et al, 2002). The effect is due to competitive inhibition by S of Se uptake via the
main S transporter (Lauchli, 1993). In future it may be necessary to add Se to gypsum
(calcium sulphate, which is applied at rates of up to 10 t/ha to treat sodic soils) and high-S
fertilisers like single superphosphate, ammonium sulphate and potassium sulphate, which
are used widely in Australia. Moreover, in Australian coastal areas (which comprise a
sizeable portion of the low-Se areas identified in five States (Judson & Reuter, 1999)), S
deposition from rainfall can be as high as 20 kg/ha/year (Blair et al, 1997), which could be

limiting Se uptake by crops grown in these areas.

Grain protein and Se were not associated in this study

No association between late-applied foliar N and grain Se concentration was observed in
the field trial at Strathalbyn, a finding supported by an earlier field trial study (Soltanpour
et al, 1982). However, a Serbian study found that foliar urea, when applied together with
sodium selenite, increased grain Se concentration in wheat (Djujic et al, 1998). The effect
was large (up to 110% increase over foliar Se alone when applied at the stem elongation

stage) and further trials, using foliar urea and both selenite and selenate, are warranted.

Grain Se concentration and protein were not associated in any of our trials, which included
a wide range of both native soil Se and applied Se. Other Se fertilisation studies with
cereals have not reported grain protein concentrations and we conclude that agronomic Se
biofortification is unlikely to influence grain protein, an important consideration for
milling and nutrition. However, late-applied foliar urea was effective at increasing grain
protein - a well-known finding -, and also increased grain S concentration, which has also

been found previously (Martin, 1997; Maslova, 1998).

Effects of post-harvest processing on wheat-Se

Most wheat-Se gets to the consumer

It is important that post-harvest processing losses of grain Se are minimised, but previous
studies are few and findings variable. This was the first reported study to assess Se
concentrations at each processing step from harvest to toasting. Moreover, no published
studies have examined Se concentration in the embryo of wheat grain. The dissection
study, while showing Se concentration to be highest in the embryo, confirmed (along with

the milling study) previous findings that Se and S, being protein-bound, are more evenly
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distributed throughout the grain when compared to other mineral nutrients, and hence
lower proportions are removed in the milling residue. Post-milling processing (in our

study baking or toasting) did not affect Se concentration or content.

No genotypic variability in the five cultivars assessed was observed for grain distribution
of Se in the dissection and milling studies, in contrast to Cu, Fe, Mn and Zn. The bread
wheat cultivar Krichauff, for example, contained three times as much Cu in the embryo
(as a proportion of whole grain Cu) than did cultivar Kukri. Although possibly not
applicable to Se, this variability could be exploited in breeding for higher proportions of
Cu, Fe, Mn and Zn in the endosperm to make white flour more nutritious. Further
research could include grain dissection and milling studies of larger numbers of cultivars

that have been grown together.

Se biofortified wheat: commercialisation and further research

Although we do not think it is necessary at this stage to adopt Finland’s approach to
legislate for addition of Se to all NPK fertilisers used in Australia, it would be desirable to
have a range of healthy foods available to consumers which contain a guaranteed
substantial level of Se. Novel wheat (or other cereal) products that contain enhanced
levels of organic Se due to agronomic biofortification could be considered as functional
foods, which are likely to experience strong consumer demand as evidence builds for Se’s

crucial role in human health (Combs, 2001; Rayman, 2002).

Commercial application of this research could be undertaken by food companies that
would supply selenate to contracted growers to apply at a specified time and rate.
Currently (April 2004) a South Australian milling company intends to produce 500 tonnes
of high-Se wheat in 2004, and launch a new product in 2005. A Se concentration of
around 1 mg/kg would be desirable in a “high-Se” breakfast cereal, flour, pasta or bread,
as it is within food regulatory guidelines and, based on average consumption, would
significantly increase a consumer’s daily Se intake. Furthermore, growers who produce
high-Se wheat could receive substantial premiums. For example, it is reported that
growers in South Dakota have been paid up to US $1,000 per tonne by European buyers

for high-Se durum wheat (RM Welch, personal communication).
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Further research that is needed, in addition to that mentioned in the discussion above,
includes conducting animal and human trials to compare the bioefficacy of different Se
forms (for example, high-Se wheat, sodium selenite, selenomethionine) and to investigate
interactions with other nutrients. Se has been shown to affect tissue distribution and have
a “normalising” effect on several other mineral nutrients in blood and various organs
(Djujic et al, 2000; Farrag, 1999; Giray et al, 2003), but more studies are needed, using
animals or human participants deficient or marginal for Fe, Zn, vitamin A (the nutrients
targeted by HarvestPlus, a Global Challenge Program for biofortification of staple crops
in developing countries (CGIAR, 2003)) and iodine. It is important to elucidate
interactions between these nutrients in order to ensure efficient delivery in nutrition

programs.

Short-term (3-6 months) clinical intervention trials using sensitive biomarkers of genome
instability such as the micronucleus and Comet assays may be an efficient way to assess
both the optimum intake of Se and its bio-efficacy in terms of antioxidant capacity and
protection against cancer, cardiovascular disease (Ames, 1999; Fenech, 2003) and
retroviruses. A clinical trial is planned to investigate the bio-efficacy of Se from high-Se
wheat compared with low-Se wheat or supplemental selenomethionine in participants with
low baseline Se status, using biomarkers of genome instability, immunocompetence, lipid

peroxidation and inflammation.

Conclusion

Increasing the Se content of wheat represents a food systems approach that would increase
population intake, with consequent likely improvement in public health. While a breeding
approach to increase grain Se density in modern bread and durum wheat cultivars may not
be feasible, agronomic biofortification using selenate fertiliser is effective, relatively easy
to implement and inexpensive. Mounting evidence for Se’s important roles in human
health, along with widespread sub-optimal Se status, a decline in Se intake in some areas,
and a current lack of market competition should ensure the popularity of high-Se cereal
products in Western countries. A greater challenge lies in improving the Se status (along
with that of other nutrients) of whole populations in developing countries with very low-
Se soils, such as Zaire and Burundi. A substantial improvement in human Se status in
these countries has the potential to reduce the incidence and prevalence rates of

HIV/AIDS and other infectious diseases.



57
5 References for Literature Review and General Discussion

Abrams MH, Shennan C, Zasoski RJ, Burau RG 1990. Selenomethionine uptake by wheat
seedlings. Agron J 82:1127-1130.

Adams ML, Lombi E, Zhao F-J, McGrath SP 2002. Evidence of low selenium
concentrations in UK bread-making wheat grain. J Sci Food Agric 82:1160-1165.

Ahmad S, Waheed S, Mannan A, Fatima I, Qureshi IH 1994. Evaluation of trace elements
in wheat and wheat by-products. J of AOAC Inter T7(1): 11-18.

Alfthan G, Neve J 1996. Selenium intakes and plasma selenium levels in various
populations. In Kumpulainen J & Salonen J (eds) Natural antioxidants and food
quality in atherosclerosis and cancer prevention, 161-167. Cambridge: Royal
Society of Chemistry.

Ali-Vehmas T, Vikerpuur M, Fang W, Sandblom M 1997. Giving selenium supplements
to dairy cows strengthens the inflammatory response to intramammary infection

and induces a growth-suppressing effect on mastitis pathogens in whey. Zentralbl
Veterinarmed-A 47(9-10): 559-571.

Allan CB, Lacourciere GM, Stadtman TC 1999. Responsiveness of selenoproteins to
dietary selenium. Ann Rev Nutr 19: 1-16.

Ames BN 1999. Micronutrient deficiencies: a major cause of DNA damage. Ann N Y Acad
Sci 889: 87-106.

Andrews ED, Hartley WJ, Grant AB 1968. Selenium-responsive disseases of animals in
New Zealand. NZ Vet J 16: 3-17.

Angstwurm MWA, Schottdorf J, Schopohl J, Gartner R 1999. Selenium replacement in
patients with severe systemic inflammatory response syndrome improves clinical
outcome. Crit Care Med 27: 1807-1813.

Anttolainen M, Valsta LM, Alfthan G, Keemola P, Salminen I, Tamminen M 1996. Effect
of extrreme fish consumption on dietary andd plasma antioxidant levels and fatty
acid composition. Eur J Clin Nutr 50: 741-746.

Aro A, Alfthan G, Varo P 1989. Selenium supplementation of fertilizers has increased the
selenium intake and serum-selenium concentration of Finnish people. In Wendel A
(ed) Selenium in biology and medicine, 242-245. New York: Springer-Verlag.

Aro A, Alfthan G, Varo P 1995. Effects of supplementation of fertilizers on human
selenium status in Finland. Analyst 120: 841-843.

Arteel GA, Briviba K, Sies H 1999. Protection against peroxynitrite. FEBS Lett 445: 226-
230.

Arthur D 1972. Selenium content of Canadian foods. Can Inst Food Sci Technol J 5: 165-
169.



58

Arthur JR, Boyne R, Okolow-Zubkouska MJ 1981. The production of oxygen-derived
radicals by neutrophils from selenium-deficient cattle. FEBS Lett 135: 187-190.

Ashour MN, Salem SI, El-Gadban HM, Elwan NM, Basu TK 1999. Antioxidant status in
children with protein-calorie malnutrition (PEM) living in Cairo, Egypt. Eur J Clin
Nutr 52: 669-673.

Aslam M, Harbit KB, Huffaker RC 1990. Comparative effects of selenite and selenate on
nitrate assimilation in barley seedlings. Plant Cell Environ 13: 773-782.

AWB Limited 2002. Annual report 2001. Melbourne, Australia: Australian Wheat Board
Ltd.

Babidge PJ 1990. Selenium concentrations in South Australian wheat and barley. Proc
Aust Soc Animal Prod 18: 452.

Bacten JM, Mostad SB, Hughes MP, Overbaugh J, Bankson DD, Mandaliya K, Ndinya-
Achola JO, Bwayo JJ, Kreiss JK 2001. Selenium deficiency is associated with

shedding of HIV-1-infected cells in the female genital tract. J Acquir Immune
Defic Syndr 26(4): 360-364.

Bains BS, Mackenzie MA, Mackenzie RA 1975. Selenium deficiency in a commercial
puoltry operation. Aust Vet J 51: 140-145.

Banuelos G, Schrale G 1989. Plants that remove selenium from soils. Calif Agric May-
June: 19-20.

Barclay MNI, MacPherson A 1992. Selenium content of wheat for bread making in
Scotland and the relationship between glutathione peroxidase levels in whole
blood and bread consumption. Brit J Nutr 68(1): 261-270.

Barclay MNI, MacPherson A, Dixon J 1995. Selenium content of a range of UK foods. J
Food Comp Analysis 8: 307-318.

Barrett J, Patterson C, Reilly C, Tinggi U 1989. Selenium in the diet of children with
phenylketonuria. In Southgate DAT, Johnson IT, Fenwick GR (eds) Nutrient
availability: chemical and biological aspects, 281-283. London: Royal Society of
Chemistry.

Barrington JW, Lindsay P, James D, Smith S, Roberts A 1996. Selenium deficiency and
miscarriage: a possible link? Brit J Obstetr Gynaecol 103: 130-132.

Bates CJ, Thane CW, Prentice A, Delves HT 2002. Selenium status and its correlates in a
British National Diet and Nutrition Survey: people aged 65 years and over. J Trace
Elem Med Biol 16: 1-8.

Baum MK, Shor-Posner G, Lai S 1997. High risk of HIV-related mortality is associated
with selenium deficiency. J Acquir Immune Defic Syndr 13: 370-374.

Baum MK, Shor-Posner G 1998. Micronutrient status in relationship to mortality in HIV-1
disease. Nutr Rev 56(1): S135-S139.



59

Beath OA, Eppson HF, Gilbert CS 1937. Selenium distribution in and seasonal variation
of vegetation occurring on seleniferous soil. J Amer Phar Assoc 26: 394-398.

Beck MA, Esworthy RS, Ho YS, Chu FF 1998. Glutathione peroxidase protects mice from
viral-induced myocarditis. FASEB J12: 1143-1149.

Beck MA, Shi Q, Morris VC, Levander OA 1995. Rapid genomic evolution of a non-
virulent Coxsackievirus B3 in selenium-deficient mice results in selection of
identical virulent isolates. Nat Med 1: 433-436.

Beckett GJ, Beddows SE, Morrice PC 1987. Inhibition of hepatic deiodination of
thyroxine is caused by selenium deficiency in rats. Biochem J 248: 443-447.

Behne D, Kyriakopoulos A, Kalcklosh M 1997. Two new selenoproteins found in the
prostatic glandular epithelium and the spermatid nuclei. Biomed Environ Sci 10:
340-345.

Behne D, Weiler H, Kyriakopoulos A 1996. Effects of selenium deficiency on testicular
morphology and function in rats. J Reprod Fertil 106: 291-297.

Bell PF, Parker DR, Page AL 1992. Contrasting selenate-sulfate interactions in selenium-
accumulating and nonaccumulating plant species. Soil Sc Soc Amer J 56: 1818-
1824.

Benemariya H, Robberecht H, Deestra H 1993. Daily dietary intake of copper, zinc and
selenium by different population groups in Burundi, Africa. Science Total Environ
136: 49-76.

Berrow ML, Ure AM 1989. Geological materials and soils. In Ihnat M (ed) Occurrence
and distribution of selenium, 226-228. Boca Raton: CRC Press.

Bird SM, Uden PC, Tyson JF, Block E, Denoyer E 1997. Speciation of selenoamino acids
and organoselenium compounds in selenium-enriched yeast using high-
performance  liquid chromatography-inductively ~ coupled plasma mass
spectrometry. J Analytical Atomic Spectrometry 12: 785-788.

Bjorksten J 1979. The primary cause of the high myocardiac death rate in eastern Finland.
Defined as selenium deficiency. Rejuvenation T: 61-66.

Blair GJ, Anderson GC, Crestani M, Lewis DC 1997. The sulfur status of soils and the S
accessions in rainfall at trial sites in the National RPR project. Aust J Exp Agric
37: 995-1001.

Blaylock MJ, James BR 1994. Redox transformations and plant uptake of selenium
resulting from root-soil interactions. Plant Soil 158: 1-12.

Boila RJ, Stothers SC, Campbell LD 1993. The concentration of selenium in the grain

from wheat, barley ~ and oats grown at selected locations throughout Manitoba.
Can J Anim Sci 73(1): 217-221.



60

Bollard EG 1983. Involvement of unusual elements in plant growth and nutrition. 4.
Selenium. In Lauchli A & Bielesti RL (eds) Inorganic plant nutrition, 707-714.
Berlin: Springer-Verlag.

Bouis H 1996. Enrichment of food staples through plant breeding: a new strategy for
fighting micronutrient malnutrition. Nutr Rev 54(5): 131-137.

Boyne R, Arthur J 1986. The response of selenium-deficient mice to Candida albicans
infection. J Nutr 116: 816-822.

Bratakos MS, Zafiropoulos TF, Siskos PA, Toannou PV 1988. Selenium losses on cooking
Greek foods. Inter J Food Sci Technol 23: 585-590.

Bratter P, Negretti V, Rosick V, Jaffi W, Menez H, Tovar G 1984. Effect of selenium
intake in man at high dietary levels of seleniferous areas of Venezuela. In Bratter P

& Schramel P (eds) Trace element analytical chemistry in medicine and biology,
vol 3, 29-46. New York: de Gruyter.

Breton A, Surdin-Kerjan Y 1977. Sulfate uptake in Saccharomyces cerevisiae:
biochemical and genetic study. J Bacteriol 132: 224-232.

Brock K, Gridley G, Morris J, Willett W 1991. Serum selenium level in relation to in situ
cervical cancer in Australia. J Nat Cancer Inst 83(4): 292-293.

Brooks JD, Metter EJ, Chan DW, Sokoll LJ, Landis P, Nelson WG, Muller D, Andres R,
Carter HB 2001. Plasma selenium level before diagnosis and the risk of prostate
cancer development. J Urol 166(6): 2034-2033.

Brown TA, Shrift A 1982. Selenium: toxicity and tolerance in higher plants. Biol Rev
Cambridge Philos Soc 57: 59-84.

Broyer TC, Lee DC, Asher CJ 1966. Selenium nutrition of green plants. Effect of selenite
supply on growth and selenium content of alfalfa and subterranean clover. Plant
Physiol 41: 1425-1428.

Burk RF, Solomons NW 1985. Trace elements and vitamins and bioavailability as related
to wheat and wheat foods. Amer J Clin Nutr 41: 1091-1102.

Burney PG, Comstock GW, Morris JS 1989. Serologic precursors of cancer: serum
micronutrients and the subsequent risk of pancreatic cancer. Amer J Clin Nutr
49(5): 895-900.

Campa A, Shor-Posner G, Indacochea F 1999. Mortality risk in selenium-deficient HIV-
positive children. J Acquir Immune Defic Syndr 20: 508-513.

Carlson CL, Kaplan DI, Adriano DC 1989. Effects of selenium on germination and radicle
elongation of selected agronomic species. Envir Exper Botany 29(4): 493-498.

Carter DL, Robbins CW, Brown MJ 1972. Effect of phosphorus fertilization on the
selenium concentration in alfalfa. Soil Sci Soc Amer Proc 36: 624-628.



61

Cary EE, Allaway WH 1969. The stability of different forms of selenium applied to low-
selenium soils. Soil Sci Soc Amer Proc 33: 571.

Cary EE, Gissel-Nielsen G 1973. Effect of fertiliser anions on the solubility of native and
applied selenium in soil. Soil Sci Amer Proc 37: 590.

CGIAR 1996. Results of initial germplasm screening and planned activities. In CGIAR
micronutrients project: update no. 1 - October. Washington DC: International
Food Policy Research Institute.

CGIAR 2003. Global Challenge Program — Biofortified crops for improved human
nutrition program. Online, acc. 22/5/2003. www.cgiar.org/research Consultative
Group on International Agricultural Research.

Chang JC, Gutenmann WH, Reid CM, Lisk DJ 1995. Selenium content of Brazil nuts
from two geographic locations in Brazil. Chemosphere 30(4): 801-802.

Civil IDS, McDonald MJA 1978. Acute selenium poisoning: case report. NZ Med J 87:
345-346.

Clark LC, Cantor KP, Allaway WH 1991. Selenium in forage crops and cancer mortality
in US counties. Arch Environ Health 46: 37-42.

Clark LC, Combs GF, Turnbull BW, Slate EH, Chalker DK, Chow J, Davis LS, Glover
RA, Graham GF, Gross EG, Krongrad A, Lesher JL, Park HK, Sanders BB, Smith
CL, Taylor JR 1996. Effects of selenium supplementation for cancer prevention in
patients with carcinoma of the skin. JAMA 276(24): 1957-1963.

Combs GF, Combs SB 1986. The biological availability of selenium in foods and feeds. In
The role of selenium in nutrition, 127-177. New York: NY Academic Press.

Combs GF 1988. Selenium in foods. In Chichester CO & Schweiger BS (eds) Advances in
food research, 85-113. San Diego: Academic Press.

Combs GF, Gray WP 1998. Chemopreventive agents: selenium. Pharmacology &
Therapeutics 79: 179-192.

Combs GF 2000. Considering the mechanisms of cancer prevention by selenium. In AICR
Kluwer Academic (eds) Nutrition and cancer prevention, 107-117. New York:
Kluwer Academic/Plenum Publishers.

Combs GF 2001. Selenium in global food systems. Brit J Nutr 85: 517-547.

Cser MA, Sziklai-Laszlo I, Menzel H, Lombeck I 1992. Elevated selenium and
erythrocyte glutathione peroxidase activities correlate with HDL-cholesterol and
triglycerides in juvenile diabetes. In Proceedings of the fifth international
symposium on selenium in biology and medicine, 127 (abstract). Vanderbilt
University.

Cumming F, Fardy JJ, Woodward DR 1992. Selenium and human lactation in Australia:
milk and blood selenium levels in lactating women and selenium intakes of their
breast-fed infants. Acta Paediatr Scandinav 81: 292-295.



62

Daniels LA, Gibson RA, Simmer KN 2000. Indicators of selenium status in Australian
infants. J Paediatr Child Health 36: 370-374.

Deagen JT, Butler JA, Beilstein MA, Whanger PD 1987. Effects of dietary selenite,
selenocysteine and selenomethionine on selenocysteine lyase and glutathione
peroxidase activities and on selenium levels in rat tissue. J Nutr 117: 91-98.

De Kok LJ, Kuiper PIC 1986. Effect of short-term dark incubation with sulfate, chloride
and selenate on the glutathione content of spinach [Spinacia oleracea cultivar
Estivato] leaf discs. Physiol Plant 68: 477-482.

De las Heras Castano G, Garcia de la Paz A, Fernandez MD, Fernandez Forcelledo JL
2000. Use of antioxidants to treat pain in chronic pancreatitis. Rev Esp Enferm Dig
92(6): 375-385.

Dhindsa HS, Bergmingham MA, Mierzwa J, Sullivan D 1998. Plasma selenium
concentrations in a Sikh population in Sydney, Australia. Analyst 123: 885-887.

Dimitrov N, Meyer C, Ullrey D 1984. Selenium is a metabolic modulator of phagocytosis.
In Combs G, Levander O, Spallholz J, Oldfield J (eds) Selenium in biology and
medicine, 254-262. New York: AVI Publishing Co.

Diplock A 1994. Antioxidants and disease prevention. Mol Aspects Med 15: 293-376.

Djujic IS, Jozanov-Stankov ON, Milovac M, Jankovic V, Djermanovic V 2000a.
Bioavailability and possible benefits of wheat intake naturally enriched with
selenium and its products. Biol Trace Elem Res 77(3): 273-285.

Djujic IS, Jozanov-Stankov ON, Djermanovic V, Demajo M, Bosni O 2000b. Availability
of essential trace elements and their interactions in blood of humans
consuming selenium enriched wheat. Selenium 2000, Venice, October 1-5 (poster).
Online, acc. 29/11/2001, URL: www-tiresias.bio.unipd.it/HomeSele/postlist.htm

Douillet C, Bost M, Accominotti M, Borson-Chazot F, Ciavatti M 1998. Effect of
selenium and vitamin E supplementation on lipid abnormalities in plasma, aorta,
and adipose tissue of Zucker rats. Biol Trace Elem Res 65(3): 221-236.

Dudek JA, Elkins ER, Behl BA 1989. Effects of cooking and canning on the mineral
contents of selected seafoods. J Food Comp Analysis 2: 273-285.

Duffield AJ, Thomson CD 1999. A comparison of methods of assessment of dietary
selenium intakes in Otago, New Zealand. Brit J Nutr 82: 131-138.

Duffield-Lillico AJ, Reid ME, Turnbull BW, Combs GF, Slate EH, Fischbach LA,
Marshall JR, Clark LC 2002. Baseline characteristics and the effect of selenium
supplementation on cancer incidence in a randomized clinical trial: a summary

report of the Nutritional Prevention of Cancer Trial. Cancer Epidemiol Biomarkers
Prev 11: 630-639.

Dylewski ML, Mastro AM, Picciano MF 2002. Maternal selenium nutrition and neonatal
immune system development. Biol of the Neonate 82: 122-127.



63

El-Bayoumy K 1991. The role of selenium in cancer prevention. In deVita VT, Hellman
S, Rosenberg SS (eds) Practice of oncology, 4th ed. 1-15. Philadelphia:
Lippincott.

Elrashidi MA, Adriano DC, Lindsay WL 1989. Solubility, speciation, and transformations
of selenium in soils. In Jacobs LW (ed) Proc. Symp. Selenium in agriculture and
the environment, Dec 1986 (Spec. Publ. 23: 51-63). New Orleans: Soil Science
Society of America.

Epstein E 1972. Mineral nutrition of plants: principles and perspectives. New York:
Wiley.

Eurola M, Efholm P, Ylinen M, Koivistoinen P, Varo P 1990. Effects of selenium
fertilization on the selenium content of cereal grains, flour, and bread produced in
Finland. Cereal Chem 67(4): 334-337.

Fardy JJ, McOrist GD, Farrar YJ 1989. The determination of selenium status in the
Australian diet using neutron activation analysis. J Radioanalysis Nucl Chem 133:
397-408.

Farrag EK 1999. Interaction between supplemented selenium and/or vitamin E and
manganese, zinc, iron, and copper in Schistosoma infected mice. J Egypt Soc
Parasitol 29(2): 517-529.

Fedgazette 2000. Selenium helping some farmers produce “bucks” wheat. State roundups:
South Dakota. Online, acc. 10/11/2000. URL:
http://minneapolisfed.org/pubs/fedgaz/00-07/sd.html

Fenech M 2003. Nutritional treatment of genome instability: a paradigm shift in disease
prevention and in the setting of recommended dietary allowances. Nutr Res Rev
16: 109-122.

Ferretti RJ, Levander OA 1974. Effect of milling and processing on the selenium content
of grains and cereal products. J Agric Food Chem 22: 1049-1051.

Finley JW 1999. The retention and distribution by healthy young men of stable isotopes of
selenium consumed as selenite, selenate or hydroponically-grown broccoli are
dependent on the isotopic form. J Nutr 129: 865-871.

Finley JW, Davis CD 2001. Selenium from high-selenium broccoli is utilized differently
than selenite, selenate and selenomethionine, but is more effective in inhibiting
colon carcinogenesis. Biofactors 14: 191-196.

Fiskesjo G 1979. Mercury and selenium in a modified A/lium test. Hereditas 91: 169-175.

Fleming GA 1962. Selenium in Irish soils and plants. Soil Sci 94: 28-35.

Fleming GA 1980. Essential micronutrients 2: Iodine and selenium. In Davies BE (ed)
Applied soil trace elements, 199-234. New York: Wiley & Sons.

Foster HD 2003. Why HIV-1 has diffused so much more rapidly in Sub-Saharan Africa
than in North America. Med Hypo 60(4): 611-614.



64

Frost DV 1981. Selenium and vitamin E as antidotes to heavy metal toxicities. In
Spallholz JE, Martin JL, Ganther HE (eds) Selenium in biology and medicine.
Westport, CT: AVI Publishing.

Frost DV 1987. Why the level of selenium in the food chain appears to be decreasing. In
Combs GF, Levander OA, Spallholz J (eds) Selenium in biology and medicine,
Part A, 534-547. New York: AVI Van Nostrand.

Geering HR, Cary EE, Jones LHP, Allaway WH 1968. Solubility and redox criteria for the
possible forms of selenium in soils. Soil Sci Soc Amer Proc 32: 35.

GencY, McDonald GK, Graham RD 2000. Effect of seed zinc content on early growth of
barley (Hordeum vulgare 1..) under low and adequate soil zinc supply. Aust J Agric
Res 51: 37-45.

Gibson RS 1994. Zinc nutrition and public health in developing countries. Nutr Res Rev 7T:
151-173.

Giovannucci E 1998. Selenium and the risk of prostate cancer. Lancet 352(9130): 755-
756.

Giray B, Riondel J, Amaud J, Ducros V, Favier A, Hincal F 2003. Todine and/or selenium
deficiency alters tissue distribution of other trace elements in rats. Biol Trace Elem
Res 95(3): 247-258.

Gissel-Nielsen G 1979. Uptake and translocation of selenium-75 in Zea mays. In Isotopes
and radiation in research in soil plant relationships, 427-436. Vienna: IAEA.

Gissel-Nielsen G 1981a Selenium treatment of field crops. Proc symp mineral elements,
Helsinki, 1980: 25-29.

Gissel-Nielsen G 1981b. Foliar application of selenite to barley plants low in selenium.
Comm Soil Sci Plant Analysis 12: 631-642.

Gissel-Nielsen G 1987. Fractionation of selenium in barley and ryegrass. J Plant Nutr
10(9-16): 2147-2152.

Gissel-Nielsen G 1998. Effects of selenium supplementation of field crops. In
Frankenberger WT & Engberg RA (eds) Environmental chemistry of selenium, 99-
112. New York: Dekker.

Gissel-Nielsen G, Gupta UC 2004. Agronomic approaches to increase selenium
concentration in livestock feed and food crops. In I Cakmak, RD Graham & RM
Welch (eds) Agricultural and molecular genetic approaches to improving nutrition
and preventing micronutrient malnutrition globally. In Encyclopaedia of Life
Support Systems (EOLSS), developed under the auspices of UNESCO. Oxford,
UK: EOLSS Publishers. Online, acc. 1/9/2004. URL: http://www.eolss.net/E5-21-

toc.aspx

Godwin KO 1975. The role and the metabolism of selenium in the animal. In DJD
Nicholas & AR Egan (eds) Trace elements in soil-plant-animal systems, 259-270.
New York: Academic Press.



65

Golden MHN, Golden BE, Bennett FI 1985. Relationship of trace element deficiencies to
malnutrition. In Chandra RK (ed) Trace elements in nutrition, 185-207. Vevey:
Nestle Nutrition/New York: Raven.

Golubkina NA, Alfthan GV 1999. The human selenium status in 27 regions of Russia. J
Trace Elem Med Biol 13: 15-20.

Graham RD, Anderson GD, Ascher JS 1981. Absorption of copper by wheat, rye and
some hybrid genotypes. J Plant Nutr 3: 679-636.

Graham RD 1984. Breeding for nutritional characteristics in cereals. Adv Plant Nutr 1: 57-
102.

Graham RD 1991. Breeding wheats for tolerance to micronutrient deficient soil: present
status and priorities. In Saunders DA (ed) Wheat for the nontraditional warm
areas. Mexico City: CIMMYT.

Graham RD, Senadhira D, Beebe SE, Iglesias C, Ortiz-Monasterio I 1999. Breeding for
micronutrient density in edible portions of staple food crops: conventional
approaches. Field Crops Res 60: 57-80.

Graham RD, Senadhira D, Ortiz-Monasterio I 1997. A strategy for breeding staple-food
crops with high micronutrient density. Soil Sci Plant Nutr 43: 1153-1157.

Graham RD, Welch RM 1996. Breeding for staple food crops with high micronutrient
density. Agricultural strategies for micronutrients - working paper 3. Washington
DC: International Food Policy Research Institute.

Graham RD, Welch RM, Bouis HE 2001. Addressing micronutrient malnutrition through
enhancing the nutritional quality of staple foods: principles, perspectives and
knowledge gaps. Adv Agron T0: 77-142.

Greene LS 1995. Asthma and oxidant stress: nutritional, environmental, and genetic risk
factors. J Amer Coll Nutr 14(4): 317-324.

Greenwood NN, Earnshaw A 1984. Chemistry of the elements, 882-899. Oxford:
Pergamon Press.

Grela ER 1996. Nutrient composition and content of antinutritional factors in spelt (7.
Spelta L) cultivars. J Sci Food Agric 71: 399-404.

Grewal HS, Graham RD, Howes N 1997. Bioassays and molecular markers for zinc
efficiency in cereals. In CRC molecular plant breeding-annual report, 29.
Adelaide: Adelaide University.

Gupta UC, Gupta SC 2000. Selenium in soils and crops, its deficiencies in livestock and
humans: implications for management. Comm Soil Sci Plant Analysis 31(11-14):
1791-1807.

Gupta UC, Macleod JA 1994. Effect of various sources of selenium fertilization on the
selenium concentration of feed crops. Can J Soil Sc 74: 285-290.



66

Gupta UC, Watkinson JH 1985. Agricultural significance of selenium. Outlook Agric 14:
183-189.

Gupta UC, Winter KA 1975. Selenium content of soils and crops and the effects of lime
and sulfur on plant selenium. Can J Soil Sci 55: 161-166.

Gupta UC, Winter KA, Sanderson JB 1993. Selenium content of barley as influenced by

selenite- and selenate-enriched fertilizers. Comm Soil Sci Plant Analysis 24(11 &
12): 1165-1170.

Hakkarainen J 1993. Bioavailability of selenium. Norwegian J Agric Sci Suppl 11: 21-35.

Hara S, Shojt Y, Sakurai A, Yuasa K, Himeno S, Imura N 2001. Effects of selenium
deficiency on expression of selenoproteins in bovine arterial endothelial cells. Biol
Pharm Bull 24(7): 754-759.

Harrison 1, Littlejohn D, Fell GS 1996. Distribution of selenium in human blood plasma
and serum. Analyst 121: 189-194.

Harrison P. Lanfear J, Wu L 1997. Chemopreventive and growth inhibitory effects of
selenium. Biomed Environ Sci 10(2-3): 235-245.

Hartikainen H, Xue T, Piironen V 2000. Selenium as an antioxidant and pro-oxidant in
ryegrass. Plant Soil 225: 193-200.

Hasselmark L, Malmgren R, Zetterstrom O, Unge G 1993. Selenium supplementation in
intrinsic asthma. Allergy 48: 30-36.

Hawkes WC, Turek PJ 2001. Effects of dietary selenium on sperm motility in healthy
men. J Andrology 22: 764-772.

He Z, Yang X, Zhu Z, Zhang Q, Xia W, Tan J 1994. Effect of phosphate on the sorption,
desorption and plant-availability of selenium in soil. Fert Res 39: 189-197.

Higgs DJ, Morris VC, Levander OA 1972. The effect of cooking on selenium content of
foods. J Agric Food Chem 20: 678-680.

Holden JM, Gebhardt S, Davis CS, Lurie DG 1991. A nationwide study of the selenium
contents and variability in white bread. J Food Comp Analysis 4: 183-195.

Hopkins LL, Majaj AS 1967. Selenium in human nutrition. In Muth OH (ed) Selenium in
bio-medicine. Westport: AVI Publishers.

Hopper JL, Parker DR 1999. Plant availability of selenite and selenate as influenced by
the competing ions phosphate and sulfate. Plant Soil 210: 199-207.

Hosking WJ, Caple IW, Halpin CG, Brown AlJ, Paynter DI, Conley DN, North-Coombes
PL 1990. Trace elements for pastures and animals in Victoria. Melboumne:
Victorian Government Printing Office.

House WA 1999. Trace element bioavailability as exemplified by iron and zinc. Field
Crops Res 60: 115-141.



67

Tizuka Y, Sakurai E, Tanaka Y 2001. Effect of selenium on serum, hepatic and lipoprotein
lipids concentrations in rats fed on a high-cholesterol diet. Yakugaku Zasshi
121(1): 93-96.

Ip C, Hayes C, Budnick R, Ganther H 1991. Chemical form of selenium, critical
metabolites, and cancer prevention. Cancer Res 51: 595-600.

Ip C, Lisk D 1994. Characterisation of tissue selenium profiles and anticarcinogenic
responses in rats fed natural sources of selenium-rich products. Carcinogenesis 15:
573-576.

Ip C 1998. Lessons from basic research in selenium and cancer prevention. J Nutr 128:
1845-1854.

Jaakkola K, Tummavuori J, Pirinen A, Kurkela P, Tolonen M, Arstila AU 1983. Selenium
levels in whole blood of Finnish volunteers before and during organic and
inorganic selenium supplementation. Scand J Clin Lab Invest 43: 473-476.

Jiang C, Jiang W, Ip C, Ganther H, Lu J 1999. Selenium-induced inhibition of
angiogenesis in mammary cancer at chemopreventive levels of intake. Molec
Carcinogenesis 26: 213-225.

Johnsson L 1991. Trends and annual fluctuations in selenium concentrations in wheat
grain. Plant Soil 138(1): 67-73.

Joint Food Safety and Standards Group 1999. Food surveillance information sheet:
dietary intake of selenium, no. 126. London: Ministry of Agriculture, Fisheries &
Food.

Jones GB, Belling GB 1967. The movement of copper, molybdenum and selenium in soils
as indicated by radioactive isotopes. Aust J Agric Res 18: 733.

Judson GJ, Mattschoss KH, Thomas DW 1978. Selenium in whole blood of Adelaide
residents. Proc Nutr Soc Aust 3: 105,

Judson GJ, Reuter DJ 1999. Selenium. In Peverill K1, Sparrow LA, Reuter DJ (eds) Soil
analysis: an interpretation manual, 325-329. Collingwood, Victoria: CSIRO
Publishing.

Judson GJ, Thomas DW, Mattschoss KH 1982. Blood selenium levels of Kangaroo Island
residents. MJA 2: 217.

Judson GJ 1989. Report of the central veterinary laboratories 1987-1988, p7. Adelaide:
South Australian Department of Agriculture.

Kafai MR, Ganji V 2003. Sex, age, geographical location, smoking, and alcohol
consumption influence serum selenium concentrations in the USA: third National
Health and Nutrition Examination Survey, 1988-1994. J Trace Elem Med Biol
17(1): 13-18.



68

Karimpour I, Cutler M, Shih D 1992. Sequence of the gene encoding the mitochondrial
capsule selenoprotein of mouse sperm: identification of three in-phase TGA
selenocysteine codons. DNA Cell Biol 11: 693-699.

Kauf E, Dawczynski H, Jahreis G, Janitsky E, Winnefeld K 1994. Sodiun selenite therapy
and thyroid-hormone status in cystic fibrosis and congenital hypothyroidism. Biol
Trace Elem Res 40(3): 247-253.

Kemnedy DG, Goodall EA, Kennedy S 1993. Antioxidant enzyme activity in the muscles
of calves depleted of vitamin E or selenium or both. Brit J Nutr 70: 621-630.

Keskes-Ammar L, Keki-Chakroun N, Rebai T, Sahnoun Z, Ghozzi H, Hammami S, Zghal
K, Fki H, Damak J, Bahloul A 2003. Sperm oxidative stress and the effect of an

oral vitamin e and selenium supplementation on semen quality in infertile men.
Arch Androl 49(2): 83-94.

Kiremidjian-Schumacher L, Roy M, Wishe H 1996. Supplementation with selenium
augments the functions of natural killer and lymphokine-activated killer cells. Biol
Trace Elem Res 52: 227-239.

Klapec T, Mandic ML, Grigic J, Primorac L, Ikic M, Lovric T, Grigic Z, Herceg Z 1998.
Daily dietary intake of selenium in eastern Croatia. Sci Total Environ 217: 127-
136.

Knekt P, Heliovaara M, Aho K, Alfthan G, Marniemi J, Aromaa A 2000. Serum selenium,
serum alpha-tocopherol and the risk of rheumatoid arthritis Epidemiol 11(4): 402-
405.

Knekt P, Marniemi J, Teppo L, Heliovaara M, Aromaa A 1998. Is low selenium status a
risk factor for lung cancer? Amer J Epidemiol 148: 975-982.

Kohrle J 1999. The trace element selenium and the thyroid gland. Biochimie 81(5): 527-
533.

Koivistoinen P 1980. Mineral element composition of Finnish foods: N, K, Ca, Mg, P, S,
Fe, Cu, Mn, Zn, Mo, Co, Ni, Cr, F, Se, Si, Rb, Al, B, Br, Hg, As, Cd, Pb and ash.
Acta Agr Scand Suppl. 22: 171.

Korkman J 1980. The effect of selenium fertilizers on the selenium content of barley,
spring wheat and potatoes. J Scient Agric Soc Finland 52: 495-504.

Kowluru RA, Tang J, Kern TS 2001. Abnormalities of retinal metabolism in diabetes and
experimental galactosemia. 7. Effect of long-term administration of antioxidants
on the development of retinopathy. Diabetes 50(8): 1938-1942.

Krajcovicova-Kudlackova M, Simoncic R, Babinska K, Bederova A, Brtkova A,
Magalova T, Grancicova E 1995. Selected vitamins and trace elements in blood of
vegetarians. Ann Nutr Metabol 39: 334-339.

Kruse-Jarres JD, Rukgauer M 2000. Trace elements in diabetes mellitus. Peculiarities and
clinical validity of determinations in blood cells. J Trace Elem Med Biol 14(1): 21-
27.



69

Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab O, Guigo R, Gladyshev
VN 2003. Characterization of mammalian selenoproteomes. Science 300(5624):
1439-1443.

Kuklinsky B, Zimmermann T, Schweder R 1995. Decreasing mortality in acute
pancreatitis with sodium selenite. Clinical results of 4 years antioxidant therapy.
Med Klin 90(Suppl. 1): 36-41.

Kurihara M, Kumagai K, Nakae Y, Nishino I, Nonaka I 2000. Two sibling patints with
non-Fukuyama type congenital muscular dystrophy with low serum selenium
levels - therapeutic effects of oral ~ selenium supplementation. No To Hattatsu
32(4): 346-351.

Kurz B, Jost B, Schunke M 2002. Dietary vitamins and selenium diminish the
development of mechanically induced osteoarthritis and increase the expression of
antioxidative enzymes in the knee joint of STR/IN mice. Osteoarthritis-Cartilage
10: 119-126.

Lag J, Steinnes E 1978. Regional distribution of selenium and arsenic in humus layers of
Norwegian forest soils. Geoderma 20: 3-14.

Langlands JP, Bowles JE, Smith AJ, Donald GE 1981. Selenium concentration in blood of
ruminants grazing northern New South Wales. 2. Relationship with geological,
pedological and other variables. Aust J Agric Res 32: 523-533.

Lauchli A 1993. Selenium in plants: uptake, functions and environmental toxicity. Bot
Acta 106: 455-468.

Laws JE, Latshan JD, Biggert M 1986. Relative biological values of selenium. Feed
experiment with chickens. Nutr Rep Int 33: 13-24.

Lee CT, Fair WR 1999. The role of dietary manipulation in biochemical recurrence of
prostate cancer after radical prostatectomy. Semin Urol Oncol 17(3): 154-163.

Lemoyne M, van Gossum A, Kurian R 1988. Plasma vitamin E and selenium and breath
pentane in home parenteral nutrition patients. Amer J Clin Nutr 48: 1310-1315.

Levander OA 1983. Considerations on the design of selenium bioavailability studies. Fed
Proc 42: 1721-1725.

Levander OA, Beck MA 1999. Selenium and viral virulence. Brit Med Bulletin 55(3).
528-533.

Levander OA, Burk RF 1990. Selenium. In Brown ML (ed) Present knowledge of
nutrition, 6th edition, 268-273. Washington DC: Nutrition Foundation.

Levine RJ, Olson RE 1970. Blood selenium in Thai children with protein-calorie
malnutrition. Proc Soc Exp Biol Med 134: 1030-1034.

Levine VE 1925. The effect of selenium compounds upon growth and germination in
plants. Amer J Bot 12: 82-90.



70

Lindstrom K 1983. Selenium as a growth factor for plankton algae in laboratory
experiments and in some Swedish lakes. Hydrobiologia 101: 35-48.

Lintschinger J, Fuchs N, Moser J, Kuehnelt D, Goessler W 2000. Selenium-enriched
sprouts. A raw material for fortified cereal-based diets. J Agric Food Chem 48:
5362-5368.

Liu BS, Li SS 1987. Primary study of relationship between endemic selenosis and
fluorosis. In Combs GF, Spallholz JE, Levander OA, Oldfield JE (eds) Selenium in
biology and medicine, vol. B, 708-711. Westport: AVI Publishing.

Lockitch G 1989. Selenium: clinical significance and analytical concepts. Crit Rev Clin
Lab Sci 27: 483-5541.

Longnecker NE, Marcar NE, Graham RD 1991. Increased manganese content of barley
seeds can increase grain yield in manganese-deficient conditions. Aust J Agric Res
42: 1065-1074.

Look MP, Rockstroh JK, Rao GS, Kreuzer KA, Spengler U, Sauerbruch T 1997. Serum
selenium versus lymphocyte subsets and markers of disease progression and

inflammatory response in human immunpdeficiency virus-infection Biol Trace
Elem Res 56: 31-41.

Lorenz K 1978. Selenium in wheats and commercial wheat flours. Cereal Chem 55: 287-
294.

Lorenz K, Loewe R, Weadon D, Wolf W 1980. Natural levels of nutrients in
commercially milled wheat flours. 3. Mineral analysis. Cereal Chem 57: 65-69.

Lu J 2000. Apoptosis and angiogenesis in cancer prevention by selenium. In AICR
Kluwer Academic (eds) Nutrition and cancer prevention, 131-145. New York:
Plenum Publishers.

Luty-Frackiewicz A, Jethon Z, Januszewska L 2002. Effect of smoking and alcohol
consumption on the serum selenium level of Lower Silesian population. Sci T otal
Environ 285(1-3): 89-95.

Lux O, Naidoo D 1995 The assessment of biological variation components of copper, zinc
and selenium. J Nutr Biochem 6: 43-47.

Lyons GH 2000. Would selenium supplementation reduce prostate cancer in Australia?
Master of Public Health dissertation, University of Adelaide, South Australia,
unpublished.

McCloy R 1998. Chronic pancreatitis at Manchester, UK: focus on antioxidant therapy.
Digestion 59(Suppl. 4): 36-48.

McCray CWR, Hurwood ID 1963. Selenosis in north-western Queensland associated with
a marine cretaceous formation. QId J Agric Sci 20: 475-498.

McDonald JW 1975. Selenium-responsive unthriftiness of young Merino sheep in central
Victoria. Aust Veterinary J 51: 433-435.



71

McGlashan ND, Cook SJ, Melrose W, Martin PL, Chelkowska E, von Witt RJ 1996.
Maternal selenium levels and sudden infant death syndrome (SIDS). Aust NZ J
Med 26: 677-682.

McOrist, Fardy JJ 1989. Selenium status in the blood using neutron activation analysis. J
Radioanalyt Nucl Chem 134: 65-72.

Marsh J, Combs GF, Whitacre M, Dietert R 1986. Effect of selenium and vitamin E
dietary deficiencies on chick lymphoid organ development. Proc Soc Exp Biol
Med 182: 425-436.

Martin AL, Trelease SF 1938. Absorption of selenium by tobacco and soy beans in sand
cultures. Amer J Botany 25: 380-385.

Martin JL 1978. Nutrient toxicities in animals and man: selenium. In Rechcigl M (ed)
CRC handbook series in nutrition and food, vol. 1, 309-317. Boca Raton: CRC
Press.

Martin RJ 1997. Uptake and distribution of nitrogen and sulphur in two Otane wheat
crops. Proc Ann Conf Agron Soc NZ 27: 19-26.

Maslova IY 1998. The effect of late applications of foliar fertilizers on the sulfur content
of spring wheat grain. Agrokhimiya 3: 21-26.

Mayland HF 1994. Selenium in plant and animal nutrition. In Frankenberger WT &
Benson S (eds) Selenium in the environment, 29-45. New York: Marcel Dekker.

Meeker H, Eskew M, Scheuchenzuker W 1985. Antioxidant effects on cell-mediated
immunity. J Leukoc Biol 38: 451-458.

Meltzer HM, Huang E 1995. Oral intake of selenium has no effect on the serum
concentrations of growth hormone, insulin-like growth factor-1, insulin-like
growth factor-binding proteins 1 and 3 in healthy women. Eur J Clin Biochem 33:
411-415.

Meltzer HM, Norheim G, Loken EB, Holm H 1992. Supplementation with wheat
selenium induces a dose-dependent response in serum and urine of a selenium-
replete population. Brit J Nutr 67: 287-294.

Meuillet E, Stratton S, Prasad Cherukuri D, Goulet AC, Kagey J, Porterfield B, Nelson
MA 2004. Chemoprevention of prostate cancer with selenium: An update on
current clinical trials and preclinical findings. J Cell Biochem 91(3): 443-458.

Mihailovic M, Lindberg P, Jovanovic I 1996. Selenium content in feedstuffs in Serbia.
Acta Veterinaria Beograd 46(5-6): 343-348.

Mikkelsen RL, Page AL, Bingham FT 1989. Factors affecting selenium accumulation by
agricultural crops. In Jacobs LW (ed) Selenium in agriculture and the environment,
65-94. Madison, Wisconsin: Amer Soc Agron.

Mikkelsen RL, Wan HF 1990. The effect of selenium on sulfur uptake by barley and rice.
Plant Soil 121: 151-153.



72

Miltmore JE, van Ryswyk AL, Pringle WL, Chapman FM, Kalnin CM 1975. Selenium
concentration in British Columbia forages, grains, and processed feeds. Can J
Anim Sci 55: 101-111.

Ministry of Agriculture, Fisheries and Food (UK) 1997. Food surveillance information
sheet no. 126. London: Joint Food Safety & Standards Group, UK MAFF.

Misso NL, Powers KA, Gillon RL, Stewart GA, Thompson PJ 1996. Reduced platelet
glutathione peroxidase activity and serum selenium concentration in atopic
asthmatic patients. Clin Exp Allergy 26(7): 838-847.

More E, Coppenet M 1980. Selenium content of forage plants. Effect of fertilizer and
selenium applications. Ann Agronom 31(3): 297-317.

Morris VC, Levander OA 1970. Selenium content of foods. J Nutr 100: 1383-1388.

Moyad MA 2002. Selenium and vitamin E supplements for prostate cancer: evidence or
embellishment? Urology 59 (Suppl 4A): 9-19.

Murphy MD, Quirke WA 1997. The effect of sulphur/nitrogen/selenium interactions on
herbage yield and quality. Irish J Agric Food Res 36: 31-38.

Mussalo-Rauhamaa H, Vuori E, Lehto J 1993. Increase in serum selenium levels in
Finnish children and young adults during 1980-1986: a correlation between the
serum levels and the estimated intake. Eur J Cancer Nutr 47: 711-717.

Mutanen M, Viita L, Mykkanen H 1989. Selenium supplementation does not alter platelet
activation in subjects with normal selenium status. Inter J Vit Nutr Res 59: 309-
313.

National Research Council 1971. Selenium in nutrition. Washington DC: Subcommittee
on Selenium, Committee on Animal Nutrition, Agricultural Board national
Research Council, National Academy of Sciences.

National Research Council 1980. Recommended dietary allowances, Sth edition.
Washington DC: National Academy of Sciences.

Naziroglu M, Cay M 2001. Protective role of intraperitoneally administered vitamin E and
selenium on the antioxidative defense mechanisms in rats with diabetes induced by
streptozotocin. Biol Trace Elem Res 79(2): 149-159.

Nebergall WH, Schmidt FC, Holtzclaw HF 1968. General chemistry, 3rd edition. Boston:
Raytheon Education.

Nelson MA, Porterfield BW, Jacobs ET, Clark LC 1999. Selenium and prostate cancer
prevention. Sem Urol Oncol 17(2): 91-96.

Neve J 1991. Physiological and nutritional importance of selenium. Experientia 47: 187-
193.

Neve J 1995. Human selenium supplementation as assessed by changes in blood selenium
concentration and glutathione peroxidase activity. J Trace Elem Med Biol 9: 65-73.



73

Neve J 1996. Selenium as a risk factor for cardiovascular diseases. J Cardiovasc Risk 3:
42-47.

Neve J 1999. Combined selenium and iodine deficiency in Kashin-Beck osteoarthropathy.
Bull STDA, 1-3. Grimbergen, Belgium: Selenium-Tellurium Development
Association.

Noble RM, Barry GA 1982. Survey of selenium concentrations in wheat, sorghum and
soybean grains, prepared poultry feeds and feed ingredients from Queensland. Qld
J Agric Anim Sci 39: 1-8.

Oldfield JE 1981. The selenium story: a second chapter. In Spallholz J, Martin J, Ganther
H (eds). Selenium in biology and medicine, 1-9. Westport: AVI.

Oldfield JE 1990. Selenium: its uses in agriculture, nutrition and health and the
environment.  Grimbergen, Belgium: Selenium-Tellurium  Development
Association.

Oldfield JE 1993. Selenium in fertilizers. STDA (Special issue), 1-4. Grimbergen:
Selenium-Tellurium Development Association.

Oldfield JE 1999. The case for selenium fertilization: an update. Bulletin of the Selenium-
Tellurium Development Association, August. Grimbergen: STDA.

Olivieri O, Girelli D, Azzini M 1995. Low selenium status in the elderly influences
thyroid hormones. Clin Sci 89: 637-642.

Olson OE, Novacek EJ, Whitehead EI, Palmer IC 1970. Investigations on selenium in
wheat. Phytochem 9: 1181-1188.

Olson OE, Palmer IS 1984. Selenium in foods purchased or produced in South Dakota. J
Food Sci 49: 446-452.

Ortiz-Monasterio I 1998. CGIAR micronutrients project, Update No. 3,5. Washington DC:
International Food Policy Research Institute.

Padmaja K, Prasad DDK, Prasad ARK 1989. Effect of selenium on chlorophyll
biosynthesis in mung bean seedlings. Phytochem 28: 3321-3324.

Panel on the Dietary Antioxidants and Related Compounds 2000. Dietary reference
intakes for vitamin C, vitamin E, selenium and beta-carotene and other
carotenoids. Washington DC: National Academy Press.

Passwater R 1980. Selenium as food and medicine. New Canaan, Ct: Keats Publishing.

Pearn J, McCay CRW 1979. Blood selenium in chronic spinal muscular atrophy. J Neurol
Sci 42: 199-202.

Peng A, Wang WH, Wang CX, Wang ZJ, Rui HF, Wang WZ, Yang ZW 1999. The role of
humic substances in drinking water in Kaschin-Beck disease in China. Environ
Health Persp 107: 293-296.



74

Peng A, Xu Y, Lu JH, Wang ZJ 2000. Study on the dose-effect relationship of selenite
with the growth of wheat. Biol Trace Elem Res 76: 175-181.

Peretz A, Siderova V, Neve J 2001. Selenium supplementation in rheumatoid arthritis
investigated in a double blind, placebo-controlled trial. Scand J Rheumatol 30(4):
208-212.

Peterson PJ, Butler GW 1962. The uptake and assimilation of selenite by higher plants.
Aust J Biol Sci 15: 126-146.

Petrie H, Klassen L, Klassen P 1989. Selenium and the immune response. 2. Enhancement
of murine cytotoxic T-lymphocyte and natural killer cell cytotoxicity in vivo. J
Leukoc Biol 45: 215-220.

Pezzarossa B, Piccotino D, Shennan C, Malorgio F 1999. Uptake and distribution of
selenium in tomato plants as affected by genotype and sulphate supply. J Plant
Nutr 22(10): 1613-1635.

Phillips D, Christenfeld N, Glynn L 1998. Increase in US medication-error deaths between
1983 and 1993. Lancet 35: 643-644.

Piergiovanni AR, Rizzi R, Pannacciulli E, Della Gatta C 1997. Mineral composition in
hulled wheat grains: a comparison between emmer (Triticum dicoccon Schrank)
and spelt (T. Spelta L) accessions. Int J Food Sci Nutr 48(6): 381-386.

Pictinen P, Vartiainen E, Seppanen R 1996. Changes in diet in Finland from 1972-1992:
impact on coronary heart disease risk. Prev Med 25(3): 243-250.

Plant JW 1988. Selenium deficiency in sheep. Agfact A3.9.37. Sydney: New South Wales
Department of Agriculture.

Poirier KA 1994. Summary of the derivation of the reference dose for selenium. In Mertz
W, Abernathy CO, Olin SS (eds) Risk assessment of essential elements, 157-166.
Washington DC: ILSI Press.

Pratley JE, McFarlane JD 1974. The effect of sulphate on the selenium content of pasture
plants. Aust J Exper Agric Anim Husb 14: 533-538.

Primm P, Anderson HD, Morris JS 1979. The effects of dialysis time on selenium loss
from human blood sera. Transactions Missouri Acad Sci 23: 117-124.

Rayman MP 1997. Dietary selenium: time to act. BMJ 314: 387-388.

Rayman MP 2000. The importance of selenium to human health. Lancet 356: 233-241.

Rayman MP & Clark LC 2000. Selenium in cancer prevention. In Roussel AM, Favier A
& Anderson RA (eds) Trace elements in man and animals — 10: Proceedings of
the tenth international symposium on trace elements in man and animals, 575-580.

New York: Plenum Press.

Rayman MP 2002. The argument for increasing selenium intake. Proc Nutr Soc 61: 203-
215.



75

Reilly C 1992. Selenium in Australian health and disease. Proc Nutr Soc Aust 17: 109-
114.

Reilly C 1996. Selenium in food and health. London: Blackie.

Rengel Z, Graham RD 1995. Importance of seed Zn content for growth on Zn-deficient
soil. I. Vegetative growth. Plant Soil 173: 259-266.

Reuter DJ 1975. Selenium in soils and plants: a review in relation to selenium deficiency
in South Australia. Agric Rec, Vol. 2 (July).

Ripperger H, Schreiber K 1982. Nicotianamine and analogous amino acids, endogenous
iron carriers in higher plants. Heterocycles 17: 447-461.

Robberecht HJ, Deelstra H, van Schoor O 1990. Effect of milling and refining on the
selenium and chromium content of cereals. Belgian J Food Chem Biotechnol
45(2): 43-49.

Robberecht HJ, Deelstra HA 1994. Factors influencing blood selenium concentrations: a
%terature review. J Trace Elem Electrolytes Health Dis 8: 129-143.

Robberecht HJ, Hendrix P, Van Cauwenbergh R, Deelstra HA 1994. Actual daily dietary
intake of selenium in Belgium, using duplicate portion sampling. Zeitschrift fur
Lebensmittel-Untersuchung und Forschung 199: 251-254.

Robbins CW, Carter DL 1970. Selenium concentrations in phosphorus fertilizer materials
and associated uptake by plants Soil Sci Soc Amer Proc 34: 506-508.

Robinson MF, Thomson CD 1987. Selenium status of the food supply and residents of
New Zealand. In Combs GF, Spallholz JE, Levander OA, Oldfield JE (eds)
Selenium in biology and medicine, vol. B, 631-644. Westport: AVL

Rosenstein ED, Caldwell JR 1999. Trace elements in the treatment of rheumatic
conditions. Rheum Dis Clin North Amer 25(4): 929-935.

Salisbury RM, Edmondson J, Poole WSH 1962. Exudative diathesis and white muscle
disease of poultry in New Zealand. In Proceedings of the 12th world poultry
congress, 379-384.

Salonen JT, Alfthan G, Pikkarainen J, Huttunen JK, Puska P 1982. Association between
cardiovascular death and myocardial infarction and serum selenium in a matched
pair longitudinal study. Lancet ii: 175-179.

Santosh TR, Sreekala M, Lalitha K 1999. Oxidative stress during selenium deficiency in
seedlings of Trigonella foenum-graecum and mitigation by mimosine. 2.
Glutathione metabolism. Biol Trace Elem Res 70: 209-222.

Sappey C, Legrand-Poels S, Best-Belpomme M, Favier A, Rentier B, Piette J 1994.
Stimulation of glutathione peroxidase activity decreases HIV type 1 activation
after oxidative stress. AIDS Res Hum Retrovir 10: 1451-1461.



76

Schoene NW, Morris VC, Levander OA 1986. Altered arachidonic acid metabolism in
platelets and aortas from selenium-deficient rats. Nutr Res 6: 75-83.

Schrauzer GN 1979. Trace elements in carcinogenesis. In Draper H (ed) Advances in
nutritional research, Vol. 2, 219-244. New York: Plenum Press.

Schrauzer GN, White DA, Schneider CJ 1977. Cancer mortality correlation studies. 3.
Statistical association with dietary selenium intakes. Bioinorganic Chem 7: 35-56.

Schrauzer GN 2000. Selenomethionine: a review of its nutritional significance,
metabolism and toxicity. J Nutr 130(7): 1653-1656.

Schubert A, Holden JM, Wolfe WR 1987. Selenium content of a core group of foods
based on a critical evaluation of published analytical data. J Amer Diet Assoc 87:
285-299.

Schubert JR, Muth OH, Oldfield JE, Remmert LF 1961. Experimental results with
selenium in white muscle disease of lambs and calves. Fed Proc 20: 689-694.

Schwarz K, Foltz CM 1957. Selenium as an integral part of factor 3 against dietary
necrotic liver degeneration. J Amer Chem Soc 79: 3292-3293.

Schwarz K 1961. Development and status of experimental work on Factor 3-selenium.
Fed Proc 20: 666-673.

Scott R, MacPherson A 1998. Selenium supplementation in sub-fertile human males. Brit
J Urol 82: 76-80.

Seo YR, Kelley MR, Smith ML 2002. Selenomethionine regulation of p53 by a refl-
dependent redox mechanism. Proc Nat Acad Sci USA 99: 14548-14553.

Shaheen SO, Sterne JAC, Thompson RL 1999. Dietary antioxidants and asthma in adults.
Eur Respir J 14(Suppl. 30): 1418.

Shamberger RJ 1981. Animal and epidemiological studies relating selenium to heart
disease. In Spallholz JE, Martin JL, Ganther HE (eds) Selenium in biology and
medicine. Westport: AVL.

Shand C, Coutts G, Duff E, Atkinson D 1992. Soil selenium treatments to ameliorate
selenium deficiency in herbage. J Sci Food Agric 59: 27-35.

Shennan C, Schachtman DP, Cramer GR 1990. Variation in 75Selenium selenate uptake
and partitioning among tomato cultivars and wild species. New Phytol 115: 523-
530.

Shrift A 1964. A selenium cycle in nature. Nature 201: 1304.

Shrift A, Ulrich JM 1976. Transport of selenate and selenite contained in a Cl- or SO4-
based NPK fertiliser. Fert Res 30:

Singh BR 1991. Selenium content of wheat as affected by selenate and selenite contained
in a CI- or SO4-based NPK fertilizer. Fert Res 30: 1-7.



77

Smith FW, Hawkesford MJ, Prosser IM, Clarkson DT 1995. Isolation of a cDNA from
Saccharomyces cerevisiae that encodes a high affinity sulphate transporter at the
plasma membrane. Mol Gen Genet 247: 709-715.

Smith FW, Hawkesford MJ, Ealing PM, Clarkson DT, Vanden Berg PJ, Belcher R,
Warrilow GS 1997. Regulation of expression of a ¢cDNA from barley roots
encoding a high affinity sulphate transporter. Plant J 12: 875-884.

Smith GS, Watkinson JH 1984. Selenium toxicity in perennial ryegrass and white clover.
New Phytol 97:557-564.

Soltanpour PN, Olsen SR, Goos RJ 1982. Effect of nitrogen fertilization of dryland wheat
on grain selenium concentration. Soil Sci Soc Amer J 46(1): 430-433.

South PK, Morris VC, Levander OA, Smith AD 2001. Mortality in mice infected with an
amyocarditic coxsackievirus and given a subacute dose of mercuric chloride. J
Toxicol Environ Health 63(7): 511-523.

Spallholz JE, Boylan LM, Larsen HS 1990. Advances in understanding selenium’s role in
the immune system. Ann NY Acad Sci 587: 123-139.

Spencer NE, Siegel SM 1978. Effects of sulfur and selenium oxyanions on mercury
toxicity in turnip seed germination. Water Air Soil Pollut 9: 423-427.

Stapleton SR 2000. Selenium: an insulin-mimetic. Cell Mol Life Sci 57(13-14): 1874-
1879.

Starfield B 2000. Primary care and health: 21st century challenges to quality. Proceedings
of the 2000 general practice evaluation conference, Hobart 4-5 May. Adelaide:
National Information Service, Flinders University.

Stewart RDH, Griffiths NM, Thomson CD, Robinson MF 1987. Quantitative selenium
metabolism in normal New Zealand women. Brit J Nutr 40: 45-54.

Suadicani P, Hein HO, Gyntelberg F 1992. Serum selenium concentration and risk of
ischaemic heart disease in a prospective cohort study of 3000 males.
Atherosclerosis 96: 33-42.

Sunde RA 1997. Selenium. In O’Dell BL & Sunde RA (eds) Handbook of nutritionally
essential mineral elements, 493-556. New York: Marcel Dekker.

Suzuki T, Hongo T, Ohba T, Kobayashi K, Imai H, Ishida H, Suzuki H 1989. The relation
of dietary selenium to erythrocyte and plasma selenium concentrations in Japanese
college women. Nutr Res 9: 839-848.

Suzuki T, Imai H, Kobatashi K 1988. Dietary intake of selenium in Japanese: an
estimation by analyzed and reported values in foodstuffs and cooked dishes. J
Japanese Soc Nutr Food Sci 41: 91-102.

Talcott P, Exon J, Koller L 1984. Alteration of natural killer cell-mediated cytotoxicity in

rats treated with selenium, diethyl nitrosamine and ethylnitrosurea. Cancer Lett 23: 313-
322.



78

Taylor EW 1997. Selenium and viral diseases: facts and hypotheses. J Orthomolec Med
12(4): 227-239.

Taylor EW, Nadimpalli RG 1999. Chemoprotective mechanisms of selenium in cancer

and AIDS: evidence for the involvement of novel selenoprotein genes. Info
Onkologi 2: 7-11.

Terry N, Zayed AM, de Souza MP, Tarun AS 2000. Selenium in higher plants. Ann Rev
Plant Mol Biol 51: 401-432.

Thilly CH, Swennan B, Bourdoux P, Ntambe K, Moreno-Reyes M, Gillies J, Vanderpas
JB 1993. The epidemiology of iodine-deficiency disorders in relation to

goitrogenic factors and thyroid-stimulating hormone regulation. Amer J Clin Nutr
57(Suppl.): 267S-270S.

Thomson CD, Robinson MF 1980. Selenium in human health and disease with emphasis
on those aspects peculiar to New Zealand. Amer J Clin Nutr 33: 303-323.

Thomson CD, Robinson MF 1990. Selenium content of foods consumed in Otago, New
Zealand. NZ Med J 103(886): 130-135.

Thorn J, Robertson J, Buss DH 1976. Trace nutrients. Selenium in British foods. Brit J
Nutr 39: 391-396.

Thomton I, Kinniburgh DG, Pullen G, Smith CA 1983. Geochemical aspects of selenium
in British soils and implications to animal health. In Hemphill DD (ed) Trace
substances in environmental health, 391-405. Columbia, Mo.: University of
Missouri Press.

Tinggi U, Reilly C 2000. Concentrations of selenium and other major elements (barium,
calcium, magnesium, potassium and phosphorus) in Brazil nuts in Brisbane,
Queensland. Selenium 2000: Venice, Oct. 1-5 (poster). Online, acc. 29/11/2001.
URL: www-tiresias.bio.unipd.it/HomeSele/postlist.htm

Tiran B, Tiran A, Petck W, Rossipol E, Wawschinek O 1992. Selenium status of healthy
children and adults in Styria (Austria). Investigation of a possible undersupply in
the Styrian population. Trace Elem Med 9: 75-79.

Toepfer EW, Polansky MM, Eheart JF, Slover HT, Morris ER, Hepburmm FN,
Quackenbush FW 1972. Nutrient composition of selected wheats and wheat
products. 11. Summary. Cereal Chem 49: 173-186.

Uechara S, Honjo K, Hirano F 1998. Clinical significance of selenium level in chronic
pancreatitis. J Clin Biochem Nutr 5: 201-207.

Ullrey DE 1981. Selenium in the soil-plant food chain. In Spallholz JE, Martin JL,
Ganther HE (eds) Selenium in biology and medicine, 176-191. Westport: AVL

Underwood EJ 1977. Trace elements in human and animal nutrition, 4th edition, 303-345.
New York: Academic Press.



79

University of California Agricultural Issues Centre 1988. Selenium, human health and
irrigated agriculture. In Resources at risk in the San Joaquin Valley. Davis:
University of California.

Ursini F, Heim S, Kiess M 1999. Dual function of the selenoprotein PHGPx during sperm
maturation. Science 285: 1393-1396.

Van Biervliet S, Van Biervliet JP, Bernard D, Matthys M, Vercaemst R, Blaton V 2001.
Serum alpha-tocopherol and selenium in Belgian infants and children. Biol Trace
Elem Res 79(2): 115-120.

Van Campen DR, Glahn RP 1999. Micronutrient bioavailability techniques: accuracy,
problems and limitations. Field Crops Res 60: 93-113.

Van den Brandt PA, Goldbohm RA, van’t Veer P, Bode P, Dorant E, Hermus RJ,
Sturmans F 1993. A prospective cohort study on selenium status and the risk of
lung cancer. Cancer Res 53: 4860-48635.

Vanderpas JB, Contempre B, Duale N, Goosens W, Bebe N, Thorpe R, Ntambue K,
Dumont J, Thilly CH, Diplock AT 1993. Iodine and selenium deficiency
associated with cretinism in northern Zaire. Amer J Clin Nutr 57: 271S-2758S.

Van Gossum A, Closset P, Noel E, Cremer M, Neve J 1996. Deficiency in antioxidant
factors in patients with alcohol-related chronic pancreatitis. Dig Dis Sci 41(6):
1225-1231.

Varo P, Alfthan G, Huttunen J, Aro A 1994. Nationwide selenium supplementation in
Finland - effects on diet, blood and tissue levels, and health. In Burk R (ed)
Selenium in biology and human health, 197-218. New York: Springer-Verlag.

Vendeland SC, Beilstein MA, Yeh JY, Ream W, Whanger PD 1995. Rat skeletal muscle
selenoprotein W: ¢cDNA clone and mRNA modulation by dietary selenium. Proc
Nat Acad Sci USA 92: 8749-8753.

Vezina D, Mauffette F, Roberts KD, Bleau B 1996. Selenium-vitamin E supplementation
in infertile men. Effects on semen parameters and micronutrient levels and
distribution. Biol Trace Elem Res 53: 65-83.

Vuori E, Vaariskoski J, Hartikainen H 1994. A long-term study of selenate sorption in
Finnish cultivated soils. Agric Ecosystems Environ 48: 91-98.

Wallach JD, Garmaise B 1979. Cystic fibrosis: a perinatal manifestation of selenium
deficiency. In Hemphill DD (ed) Trace substances in environmental health, 469-

476. Columbia: University of Missouri Press.

Warso MA, Lands WEM 1985. Presence of lipid hydroperoxides in human plasma. J Clin
Invest 75: 667-671.

Watkinson JH 1981. Changes of blood selenium in New Zealand adults with time and
importation of Australian wheat. Amer J Clin Nutr 34: 936-942.

Wei A 1996. Soybean sprout. Zhengzhou Liangshi Xueyuan Xuebao 17: 67-70.



80
Welch RM, Graham RD 1999. A new paradigm for world agriculture: meeting human
needs. Productive, sustainable, nutritious. Field Crops Res 60: 1-10.

Whanger PD, Beilstein MA, Thomson CD, Robinson MF, Howe M 1988. Blood selenium
and glutathione peroxidase activity of populations In new Zealand, Oregon and
South Dakota. FASEB J 2: 2996-3002.

Whanger PD 1992, Selenium in the treatment of heavy metal poisoning and chemical
carcinogenesis. J Trace Elem Electrol Health Dis 6(4): 209-221.

Whanger PD, Xia Y, Thomson CD 1994. Protein technics for selenium speciation in
human body fluids. J of Trace Elem Electrol Health Dis 8: 1-7.

Whanger PD 2002. Selenocompounds in plants and animals and their biological
significance. J Amer Coll Nutr 21(3): 223-232.

Whelan BR, Barrow NJ 1994. Slow-release selenium fertilizers to correct selenium
deficiency in grazing sheep in Western Australia. Fert Res 38(3): 183-188.

White CL, Robson AD, Fisher HM 1981. Variation in nitrogen, sulphur, selenium, coballt,
manganese, copper and zinc contents of grain from wheat and two lupin species
grown in a range of mediterranean environment. Aust J Agric Res 32: 47-59.

Willett WC, Polk B, Morris J 1983. Prediagnostic serum selenium and risk of cancer.
Lancet 2: 130-134.

Wilson GF 1964. Responses in dairy calves to mineral supplements. New Zealand J Agric
Res 7. 432-433.

Wolf E, Kollonitsch V, Kline CH 1963. A survey of selenium treatment in livestock
production. Agric Food Chem 11: 355-360.

World Health Organisation 1987. Selenium. In Environmental Health Criteria 38.
Geneva: WHO.

World Health Organisation 1996. Selenium. In Trace elements in human nutrition and
health, 105-122. Geneva: WHO.

Xian G, Cai H, He Y, Li C 1997. Study of nutrition of Ca, P, Fe, Zn and Se of old people
in Guangzhou city. Guangdong Weiliang Yuansu Kexue 4: 38-41.

Xiong Y, Mo D, Bi H, Li S, Guo X, Yu Z, Luo Y, Feng J, Zhang L, Yang J 1998. Effect
of selenium on lesion of articular cartilage fed on T-2 toxin in Chinese mini-pigs
with experimental Kaschin-Beck disease. Xi’an Yike Daxue Xuebao 19: 523-525.

Xu DX, Shen HM, Zhu QX, Chua L, Wang QN, Chia SE, Ong CN 2003. The associations
among semen quality, oxidative DNA damage in human spermatozoa and

concentration of cadmium, lead and selenium in seminal plasma. Mutat Res 534(1-
2): 155-163.



81

Xue TL, Hartikainen H 2000. Association of antioxidative enzymes with the synergistic
effect of selenium and UV irradiation in enhancing plant growth. Agric Food Sci
Finland 9: 177-187.

Yan L, Yee J, Maguire M 1997. Effect of dietary supplementation of selenite on
pulmonary metastasis of melanoma cells in mice. Nutr Cancer 28(2): 165-169.

Yang FY, Lin ZH, Xing JR, Li SG, Yang J, San S, Wu Ly 1994. Selenium deficiency is a
necessary but not sufficient factor required for the pathogenesis of keshan disease.
J Clin Biochem Nutr 16(2): 101-110.

Yang G, Chen J, Wen Z, Ge K, Zhu L 1984. The role of selenium in keshan disease. Adv
Nutr Res 6: 203-231.

Yang GQ, Yin S, Zhou R, Gu L, Yan B, Liu Y, Liu Y 1989. Studies of safe maximal daily
dietary selenium intake in a seleniferous area in China. Part 2. Relation between
selenium intake and the manifestations of clinical signs and certain biochemical
alterations in blood and urine. J Trace Elem Electrol Health Dis 3: 123-130.

Yang GQ, Zhou RH 1994. Further studies on human maximum safe dietary selenium
intake and a discussion on some related problems. J Trace Elem Electrol Health
Dis 8: 159-165.

Yilmaz A, Ekiz H, Gultekin I, Torun B, Karanlik S, Cakmak I 1997. Effect of seed zinc
content on grain yield and zinc concentration of wheat grown in zinc-deficient
calcareous soils. In Ando T, Fujita K, Mae T, Matsumoto H, Mori S, Sekiya J (eds)
Plant nutrition for sustainable food production and environment, 283-284.
Dordrecht: Kluwer Academic Publishers.

Ylaranta T 1983a. Effect of added sclenite and selenate on the selenium content of Italian
rye grass (Lolium multiflorum) in different soils. Ann Agric Fenn 22: 139-151.

Ylaranta T 1983b. Effect of applied selenite and selenate on the selenium content of barley
(Hordeum vulgare). Ann Agric Fenn 22: 164-174.

Ylaranta T 1984a. Raising the selenium content of spring wheat and barley using selenite
and selenate. Ann Agric Fenn 23: 75-84.

Ylaranta T 1984b. Effect of selenium fertilization and foliar spraying at different growth
stages on the selenium content of spring wheat and barley. Ann Agric Fenn 23: 85-
9s.

Ylaranta T 1990. Effects of liming and the addition of sulphate and phosphate on the
selenium content of Italian rye grass. Ann Agric Fenn 29: 141-149.

Ylaranta T 1991. Effects of the addition of sulphate and phosphate on the leaching of
selenite and selenate in acidic soils. Ann Agric Fenn 30: 311-319.

Yoshida M, Yasumoto K 1987. Selenium contents of rice grown at various sites in Japan.
J Food Comp Analysis 1: 71-75.



82

Yoshizawa K, Willett WC, Morris SJ, Stampfer MJ, Spiegelman D, Rimm EB,
Giovannucci E 1998. Study of prediagnostic selenium level in toenails and the risk
of advanced prostate cancer. J Nat Cancer Inst 90: 1219-1224.

Yoshita K, Tabata M, Kimura R, Miyashita Y 1998. Relationship between selenium intake
and foods intake and nutrients intake in middle-aged men. Eiyogaku Zasshi 56: 19-
148.

Young VR, Nahapetian A, Janghorbani M 1982. Selenium bioavailability with reference
to human nutrition. Amer J Clin Nutr 35: 1076-1088.

Yu SY, Zhu YJ, Li WG 1997. Protective role of selenium against hepatitis b virus and
primary liver cancer in Qidong. Biol Trace Elem Res 56: 117-124.

Yu MW, Homng IS, Chiang YC, Liaw YF, Chen CJ 1999. Plasma selenium levels and the
risk of hepatocellular carcinoma among men with chronic hepatitis virus infection.
Amer J Epidemiol 150: 367-374.

Zachara BA, Rybakowski J, Borowska K, Pilaczycska E, Zamorski R, Stefaniak B 1988.
Blood selenium concentration and glutathione peroxidase activity in male patients
with alcohol dependence. In Neve J & Favier A (eds) Selenium in medicine and
biology, 269-272. New York: de Gruyter.

Zayed AM, Lytle CM, Terry N 1998. Accumulation and volatilization of different
chemical species of selenium by plants. Planta 206: 284-292.

Zhao L, Cox AG, Ruzicka JA, Bhat AA, Zang W, Taylor EW 2000. Molecular modelling
and in vitro activity of an HIV-1 encoded glutathione peroxidase. Proc Nat Acad
Sci USA 97: 6356-6361.

Zhou MH 1990. Influence of selenium on growth, root vigor and seed morphology of rice.
Guizhou J of Agric Sci (China) 15: 57-59.





