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Abstract

Selenium (Se) is an essential micronutrient for humans and animals, but is defrcient in at

least a billion people worldwide, and in some regions appears to be declining in the food

chain. V/heat (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 p"/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 selenoenzyrne expression and cancer protection, and

indicated that levels had declined around 20Yo ftom the 1970s.

No significant genot¡pic 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 þglkg 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 {ha
Se increased grain Se concentration progressively up to 133-fold when sprayed on soil at

seeding and up to 2O-fold when applied as a foliar spray after flowering. A threshold of

toxicity of around 325 mglkg Se in leaves of young wheat plants was observed, a level

that would not normally be reached with Se fertilisation. On the other hand suiphur (S)

applied at the low rate of 30 kg/ha at seeding reduced grain Se concentrationby 160/o.

This study showed that, although Se concentration was highest in the embryo of wheat

grain, Se and S were more evenly distributed throughout the glain, 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



iv
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 bioiogical relationships with sulphur, arsenic and

phosphorus. Like sulphur, Se can exist in five valence states: selenide (-2), elemental Se

(0), thioselenate (+2), selenite (+4; egNazSeO¡) and selenate (+6; eg Na2SeOo). S" 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, 1933). Inorganic forms (selenite and

selenate) are generally only included in the cliet through supplements. The volatile Se

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

Se is a relatively rare element,TOth 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, L997).

As Reilly observes: "Without it, neither humans nor any other animal could develop

properly or survive for long" (Reilly, 7996,l).

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 noìw arouses most interest as an

anticarcinogen. Nevertheless, Se was recognised by several researchers for its possible

therapeutic use in cancer treatment from the early 2}thcentury (Schrauzer,1979).

1.1.2. Selenium in soils: ubiquitous and variable

The ultimate sorrce 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 matlet,

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

In general, total soil Se of 0.1 to 0.6 mglkg is considered def,rcient. Soils in New Zealand,

Denmark, Finland þre-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 soiis 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 (Shdft, 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 highiy available and in certain

species of accumulator plants, for example Astragalus, can build up to levels which are

toxic to animals (Oldfield, 1,993). 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 Southem Tablelands and Slopes (Plant, 1988) and

the Northern Tablelands (Langlands et al, 1931) of New South Wales, the south-eastern

coast of Queensland, associated with tertiary volcanic soils (Noble & Barry, 1982), tl:re

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 grazingpastures 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,7967). Acidic "sand-over-claf'soils in the South-East of South

Australia also tend to be low in Se (Reuter,1975).
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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 gro\ilTt in Shaanxi Province, China may have 0.003 mglkg 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 Califomia, 1988), while Astragalus on the same soils may accumulate up to

1 5,000 melke (Beath, 1,937).

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 mglkg DW Se can cause a l}Yo yield reduction,

whereas in white clover 330 mglkg 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 l'r;füary 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-Kerj an, 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 a7,1976).

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

pennease. 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 aI, 1995, 7997). 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 p7ant, 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 (Teny 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).
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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 (Teny 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 rcots (Zayed et al, 1998). Using broccoli, Indian mustard,

sugarbeet and rice, Zayed et ai (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'

Inmaize, 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, lg79). 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).
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1.1.4. Selenium in animals: more likely too little than too much

Twentieth century agricultural scientists discovered that Se rwas 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

enzqe activity, particularly by blocking the function of SH groups involved in oxidative

metabolism within cells (Martin, 1973). 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 (V/olf et aL,7963).

Pathogenesis of the disease involves an increase in lipid peroxidation in muscle (Kennedy

et aI,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, 1.9J 5; 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). ll-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

l.2.l.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), Raym.an

(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 giobal intakes and blood

levels, look at toxicity and then focus on selenium intake in Australia.
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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 importarÍ 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 selenoenzyrnes are the iodothyronine deiodinases,

thioredoxin reductases and selenophosphate s¡mthetase (Allan eI 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

aI, 7999). The iodothyronine deiodinases catalyse the production of active thyroid

hormone, T3, from thyroxine, T4 (Beckett et al, 1937). Selenophosphate sSmthetase is

necessary for the synthesis of selenophosphate, the selenocysteine precursor (Allan et al,

leee).

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 V/ (needed for skeletal and catdiac

muscle function) (Vendeland et al, 1995), speÍn 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 aI,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 arrhyhmia (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 a!, 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

(Reilty, 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).

l.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 abtlíty of neutrophils and

macrophages to kill ingested cells of the yeast Candida albican^s (Bo¡me & 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 Westemers, where supplementation with Se resulted in enhanced conversion of
T4 to T3 (Olivieri et al,1995).

1.2.6. Cancer

There is 'þerhaps 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, l99l), and in Schrauzer's 27-counfty 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 lz vitro 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, l99I; 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,200l; Knekt et al, 1998; van den Brandt et

al, 7993; 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 (I.IPC) trial in the USA, 200 ¡tg Se/day (as yeast) reduced

total cancer mortality by 4Io/o, total cancer incidence by 25o/o 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 (cwrent or previous) with baseline Se levels below II3 ¡.tgll, 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; Rayrnan, 2000).

The NPC trial was conducted in a region of the US where Se intakes are estimated to be

around 90 ¡.tg/day, well above the level required for optimal selenoenzytne 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 selenoenzyrnes, the anti-cancer effect of Se is likely to involve the production of
specific anti-tumorigenic metabolites, notably metþlselenol, 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, 199S). 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 83 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 parlicularly important nutrient for people with HIV. It strongly inhibits

HIV replication in 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 HlV-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 HlV-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 etal,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 progtession 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 HfV, 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 enoÍnous.

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 eI al, 200I). Several epidemiological studies also suggest a protective effect of

selenium against cardiovascular disease (Bjorksten, 1979; Salonen et al, 1982; Suadicani

et a7,1992), 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 (Iizuka et al,200I). 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 aI, 1.999), diabetes (Douillet et al, 1998; Kowluru et al,200I; Kruse-

James & Rukgouer,2000; Naziroglu &, Cay,2001; Stapleton, 2000), arthdtis (Knekt et al,

2000;Perctz et aL,2001; Rosenstein & Caldwell, 1999), muscular dystrophy (Kurihara et

aL,2000; Passwater, 1980), cystic fibrosis (Kauf et a7,7994; Wallach & Garmaise,1979),

pancreatitis (Bumey 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 s¡mdrome (Angstwurm et ã1, 1999) and

kwashiorkor (Ashour et aI,1.999; 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 bios¡mthesis and the normal development

of spermatozoa; the two known sperm selenoproteins were noted above) (Behne et al,

1996; Yezina 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 ¡,g of Se per day for three months significantly increased sperm motility (Scott &
MacPherson, 1998), and supplementation of a similar group with 225 ¡tg Selday and 400
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mg vitamin F,lday decreased oxidative stress and increased sperm motility (Keskes-

Arnmar et aL, 2003). Conversely, Hawkes & Turek (2001) found thal a diet containing

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

l.2.ll. Detoxifïcation 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, 1931). 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
Cereal products
Vegetables
Fruits
Red meats
Poultry
Fish
Milk products

r - 45,7002
1-60
10 - 910
10 - 700
30 - 1,480
2-430

50 - 600
2-80
s-60
50 - 300
s0 - 180
100 - 600
10 - 120
50 - 200

Usual
4-6,

20-1 s00
The range comprises the combined data for the US, England, Germany, New Zealand,

Finland, China and Venezuela.
2Selenosis areas in China.
(After Combs, 2001)
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Estimates of Se intake for adults in various countries are summarised in Table 2.

Tahle 2. Estimated human Se intakes in selected countries

Country Se intake
(us.laüútlday)

References

Australia

Belgium
Canada
China - KD area

- Moderate Se area

- Selenosis area
Croatia
England

Finland - Pre 1984
- Post 1984

Japan

New Zealand

USA
Venezuela

63 - 96 (range 23 - 204)

451

98 - 224
7 - llr'2
4or'2 - lzo

750 - 5,000
27r,2
121'2 - 432

251'2
67 - 110

r04 - 127

191'2 - 80

60 - 220
200 - 350

Fardy et al, 1989; Reilly,
t996
Robberecht et aI,1994
Gissel-Nielsen, 1998
Combs & Combs, 1986
Combs & Combs, 1986;
Xian et al,1997
Yang et aL,1997
Klapec et al, 1998
Barclay et al, 1995; Joint
Food Safety &
Standards Group, 1997
Aro et al,1995
Aro et aL,7995;
Anttolainen ef al,1996
Suzuki et al, 1988;
Yoshita et al, 1998
Duffield & Thomson,
1999; Robinson &
Thomson, 1987
Combs & Combs, 1986
Combs & 1986

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

oxitlal.ive stress.

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%o

of those of whole blood (Zachara et al, 1988) and around 94%o 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
(uglL)

References

Austria
Australia

Burundi
Canada
China - KD areas

- Selenosis area
- Other areas

Finland - Pre 1984
- Post 1984

Hungary
Japan
New Zealand
Norway
Slovak Republic

67
93

Tiran et a7,1992
Mean of findings from 10
studies; for references, see
below
Benemariya et al,1993
Lemo¡me et aL,1993
Whanger et al,1994
Whanger et al,1994
Whanger et aL,1994
Aro et al, 1989
Mutanen et al, 1989
Cser et al,1992
Suzuki et al, 1989
'Whanger et al, 1988
Meltzer & Huang, 1995
Kraj kovicova-Kudlackova et
al, 1995
Primm et al, 1979
Bratter et a7,1984
Thillv et al,1993

15
t32
2l
494
80
70
92
54
130
59
t19
58

USA
Venezuela
Zaire

119
2t6
27

(after Combs, 200I - 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 ¡tgll, with a taîge of means from 15

(Burundi) to 125 (Canada). This can be compared to the figure of 70 pglL, the WHO's

reference level, which is the minimum reported level for which fuither 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 ¡t"glL as a

criterion of nutritional adequacy. The absolute range of values, including selenosis areas,

is 15-494 ¡t"glL (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 buming (with consequent sulphur release), acid rain, soil

acidification, the use of high-sulphur fertilisers (Frost, 1981) and more intensive crop

production (Gissel-Nielsen & Gupta, 2001). Rayrnan (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 IJK may be as low as 35 ¡t"glday

(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 ¡tglL qtrcted 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 p./L) are: Brock et al, 799I (88); Cumming et al, 1992 (81);

Daniels et al, 2000 (77,88); Dhindsa et al, 1998 (92); Judson et a7, 1982 (113); Judson et

al,1978 (I2l); Lux & Naidoo, 1995 (101); McGlashan et al, 1996 (80); McOrist & Fardy,

1989 (98, 86); and Peam & McCay, 1979 (S8). If post-1990 data only are used, the mean

is 89 ¡t"gl 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 3l ¡tglL (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 I52 ¡rgl1 (equivalent to around I22 for plasma) (Judson et aL,7978) and a sample from

Kangaroo Island ín 1979 was I42 ¡.tglL (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).
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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 smal1 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 frfth 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. Syrnptoms of poisoning included garlic breath, nausea, vomiting, hair loss,

fatigue, initability and nail charìges. The changes were all reversible and all the people

recovered (WHO, 1987). ln 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.

S¡rmptoms included nausea and a strong garlic breath. Her serum selenium level was

3,100 LLglL,2O times the usual level for the Rotoruaarea. She was discharged after Il
days with no s¡rmptoms (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 synrptoms

include nail thickening and cracking and hair loss, and some people exhibit skin lesions

(Liu & Li, 1987; Yang &, Zhou, 1994). The concem that the incorporation of



20

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 pgper 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, lgg7), and men at high risk of prostate cancer have been supplemented

with 3,200 þLg 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, 95yo 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 ¡t'glL

(Ra¡rman & Clark, 2000). None of the subjects had plasma Se levels below 60 ¡t'glL 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 ¡t"glL, and the entire population of Europe

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

Optimal level of Se intake shall now be discussed. The NPC participants lived in a region

where dietary Se intake is around 90 ¡tglday (Clark et aI, 1996), thus with the addition of

the 200 ¡rg supplement, individuals in the treatment group would have received around

270-290 þelday. Although the US RDA for Se is currently 55 ¡tglday, around I1'0 ¡t"glday

is required to reach a plasma Se concentration of 120 ¡tglL (Combs, 2001), and the safe

and adequate range of 50-200 þglday 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 ¡t"!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 ¡tglday as a supplement (Schraù2et,2000).

Combs (2001) considers that a Se intake of around 300 ¡tg/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 ¡lg Se/day and

around 50 mg vitamin Elday 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 raîge 125-280 Ltglday, with means of around 130 (for females) and 250

p,glday (for males). Pregnant females may have a higher Se requirement than non-

pregnant females (Dylewski et al, 2002).

V/ith 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 trylL,with a no adverse effect adult intake level of 853 ¡t"gSelday (Poirier, 1994).

Under normal conditions, a Se intake of less than 1,000 pdday (or 15 þglkg bodyweight)

does not cause toxicity (Neve, I99l; Taylor, 1997), although in certain sensitive

individuals the maximum safe intake may be as low as 600 þglday (Whanger et aL,7996),

and thus Ra¡rman (2000) cautions that it would be sensible to restrict the upper adult limit

to 450 ¡.tglday.

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

diffrcult to quantify, but is likely to be enorrnous given the high prevalence of various

cancers, cardiovascular diseases, viral diseases (including AIDS, hepatitis, meâsles 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.

l.4.l.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 tIK, for example, it is estimated that they supply around22Yo

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 IIK they were

found to contain 2-53 mglkg of Se (Thorn eL al, 1976), while an Australian study found

even higher levels: 0.5-150 melke (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 raîge of Se supplements is narrower, although a Se-yeast

powder and several selenomethionine tablets arc avaTlable, up to the allowed maximum of

50 pg of Se per tablet.

Se-yeast (from California, the same form as used in the NPC trial) 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. F ood 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, 200I), 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 garlíc (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 I0 gha Se was

added to the soil as selenate, soybeans accumulated 1.93 mglkg Se (control 0.03)

compared to 0.26 mglkg (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 l0 glha, and this

is also the allowable limit in Australia ('Wilson, 1964). In'Western Australia, slow-release

barium selenate applied at 70 glha 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 (V/helan & Barrow, 1994).
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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

1934) 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 arate of 16 mglkg 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 mglkg 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 ofcardiovascular 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%o 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,

r9e6).

Sodium selenate is the Se form generally used for crop and pasture fertilisation: it is

weakly adsorbed on soii 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 andlor retention by plants may be an effective,

sustainable strategy. Preliminary studies have found a l5-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, 1934). 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, aprogram which combines

selection for enhanced grain Se level in wheat; strategic ferrtilisation of wheat,batley,

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. Whett: tn important selenium source for humans

Surveys indicate that wheat is the most efÍicient Se accumulator of the common cereal

crops (wheat,nce,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 eL 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 mglkg in south-west'Westem Australia (White et al, 1981) to 30

mglkg 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 mglkg range

(Reilly, 1996). New Zealand and Eastern Europe generally have low levels, for example

the 0.028 melke average found by Mihailovic et aI (1996) for Serbia.

Some countries, including China (with a range of 0.01-0.23 mglkg (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 mglkg, 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 mglkg, while a single

brand of bread collected from different bakeries in Boston alone had a range of 0.24-0.92

melke (CV 4I%), with a mean of 0. 60 melkg (Holden et al, 199 l) -

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 Q'{oble & Barry,

1982) found a mean value for wheat grain Se of 0.150 mglkg (range 0.020-0.800) fbr

wheat grown between 7974 and 1978. Similar levels were found for sorghum and

soybean.

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

range 0.020-0.080) on Tertiary volcanic soils and thal at Biloela (mean 0.360, raÍLge
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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 tr¡¡ice as much Se as

wheat.

Four wheat cultivars were glown 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)

betweenrainfall andwheat 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 mdkg (standard error 0.006),

with a range of 0.001-0.ll7 mglkg (White et al, 1981). The figure of 0.001 mglkg 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 mdkg, 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,+l-0.030, 0.100-0.224) higher

than New South'Wales wheats (0.09 1,+/-0 .022, 0.043-0. 1 3 0).

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 7982 seasons for barley. The results were not conected 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 mglkg (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 around30% 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

(NSV/), 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 Eastem 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 bio availability 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 90o/ofor selenomethioninecompared with600/o forselenite(Stewart etal,1987).

However, the assessment of bioavailability of food micronutrients in general (Graham et

al, 2OOl; 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 l00o/o, the bioavailabilities of Se in

different foods,were: wheat 83-100%, barley 78-85yo, oats 4l-45o/o, fishmeal 64-800/o, and

meatmeal 22-30%. V/ith changes in selenium levels in whole blood as the measure,

results were wheat l23o/o, barley 704o/o, oats 99o/o, fishmeal 107% and meatmeal 69Yo.

Measurement of Se buildup in cardiac muscle gave: wheat I08o/o, barley 87o/o, oals 600/o,

fishmeal 100% and meatmeal 42o/o (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 mglkg 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 lcvel in Europe at 120 þglL.

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 þg of Se daily for six weeks. Serum

selenium increased in a dose-response manner by 20,37 and 53 ¡tglL, respectively, in the

three groups þ<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 4-47o/o, 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 4I-80% (Ahmad eL al,1994;Lorcnz et al, 1980; Toepfer et

al, 1972). A study which investigated Se contenl as well as concentration found that

wheat flour (which comprised 73% of the grain) contained 63Yo of the grain's total Se

(Fenetti & Levander, I97 4).

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
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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, 7974; 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,

25o/o of their Se after two hours' boiiing in water, while spaghetti lost 5% Se after 45

minutes' boiling. This compares with mushrooms, which lost 85% of Se after frytttg in oil

at2070C for 20 minutes (Bratakos et al, 1988).

Baking studies have also yielded equivocal findings: some found Se losses of around 15%

(Higgs et aI,1972; Olson & Palmer, 1984), while others reported no losses (Arthur, 1972;

Morris & Levander, 7970). 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 aI, 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 260/o 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.
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RESEARCH QUESTION 4z \ilhat 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,20OI; Gupta & Gupta, 2000), and this shall be discussed below.

Australia exports around 680/o of its annual wheat production to over 40 countries (AV/8,

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 lraq, 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 glain 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 matze. 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,

iodine and Se deficiencies, and the high incidence and prevalence of infectious diseases in

these countries (Graham & Weloh, 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 mglkg or less; now spring wheats typically contain

around 0.25 mglkg, and for the less-fertilised winter wheat, 0.05 mglkg (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,200I; Gupta et al, 7993; Shand

etal, 1992; Singh, I99l;Ylarunta 1983a,b, 1984a). For example, a grain Se content of
100-200 micrograms (pg)lkg in barley was obtained by applying 10-20 /ha of selenate,

but over 100 glha 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

þglkg (control) to 234 ltglkg, while l0 f,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 !ha) rate,

foliar better at 50 /ha, and both equal at the very high rate of 500 glha. 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,

pH4.6, and slightly less effective thanbasal 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 pglkg on

the clay soil, while 99 basally applied raised it to just 77 þ+glkg. Overall, foliar application

was the more effective method, except where growth was poor due to low rainfall

(Ylaranta, 7984a). 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 20o/o 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,

I984a) and more for selenite: 73-40o/o (Ylaranta, 1984a) or up to 100% (Gissel-Nie1sen,

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, I99l). 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 recoÍrmended (Ylaranta, L984a).

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, 200I;

Singh, l99l; Ylaranta 1983b, I984a). 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 glha 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

(19Saa) found that at Ieas| 12 g is required (as basal or foliar) to achieve a grain

concentration of 300 ¡.+gn<g of Se. Using a higher rate (mean 25 glha, range 20-33), the

same researcher raised Se levels in spring wheat from a base level of 13 ¡t"g/kg (7 -25) to

700 (650-750) ¡t"g/kg. Similarly, selenate added as basal fertiliser at l0 glha raised the Se

level in barley and oat grain from 33 to 500 ¡.+glkg. It was even more effective in

soybeans, increasing levels from 30 to 1,930 þ+glkg@asal) and 3,005 þglkg (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 glha as selenite or selenate, soil fertilisation using 1.0 glha as selenate or

I20 glha 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 glha 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 p+dkg of grain Se. Is this as high as required? It could be considered a minimum

target level in view of the estimated 300 t¿g 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. 16ll12001); 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 QUESTIOI{ 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.

Sulphar

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, 196l; Ylaranta, 1990). The effect can be

strong: a ten-fold increase in sulphate decreased Se concentration and content by more

than9}o/o 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 50o/o (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
g)psum (calcium sulphate) in Oregon increased the incidence and severity of white
muscle disease (Schubert et al, 1961).
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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 I5-25o/o. respectively. Moreover, selenate uptake

was reducedby 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 leve1 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 mglkg) than hard wheats (0.05-1.09 mg/kg), probably because of the lower

protein level of soft wheats (Lorcnz,1973). 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 & Cartet, 1970), and

phosphorus itself can increase the uptake of both natural and added Se by luceme (Carter

et al,7972). 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,

reer).

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 ali 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 Italian 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 QUESTIOI\ 7: Do different combinations of sulphur and

nitrogen applied àt 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 glha) 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 mglkg (Reilly, 1996), but among

agricultural crops the phytotoxicity of selenium is variable. Mikkelson et al (1988) found

that Se concentrations that caused a lOo/o yield reduction varied between species from 2

mglkgDW for rice to 330 mglkg 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 mglkg

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 r'^/ere 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 mglL 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/L. Selenite had a larger inhibitory effect than selenate above 4

mglL, a finding supported by Smith & Watkinson (1984), with growth of selenate-treated

plants remaining at 85o/o 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, aî eîzpe required for

chlorophyll biosynthesis (Padmaja et al, 1939). Both selenate and selenite inhibit the

reduction of nitrate in leaves (Aslam et al, 7990), and selenate 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, l mglkg, 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 agnculture 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 altemative, 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).

Expioiting 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,2O}I). 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 aI, 2000; Longnecker ef al, l99I; Rengel & Graham,

199 5 ; Y ílmaz eI al, 7997).

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 ne\ry', 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 5274 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

genotlpes. 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 & Schreibet, 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 zeto 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 not 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. 1011'12002).

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

chromosome aÍn 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 elficiency traits appear to be additive, and the genes involved

can be 'þyramided" in bread wheat to breed improved cultivars, a process which can be

greatly accelerated by the use of doubled haploid populations (Grewal et aL,7997).

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

altemative 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 suiphate 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 1 1 to 182 pglkg. 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 modem bread and durum wheats, grown together. The hulled wheats had

higher concentrations of Se, lithium, magnesium, phosphorus and zinc. Five spelt

accessions had ¡wice 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 (7996), 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 trút?
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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 þg 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 invoive oxidative stress and inflammation, with consequent

reductions in health costs.

Australia exports around 68Y" 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, Úrdonesia, South

Korea and Japan.

The most promising strategies to increase Se in wheat appeaÍ 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 mglkg. However, studies are needed to determine the

most efficient methods for Australian conditions, to clarify the Se phlotoxicity 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. \ilhat 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. \ilhat 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. 
^t 

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

8. Does suffÌcient genetic variation exist in wheat for grain selenium
density to enable selection for this trút?
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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

xCorresponding author: Graham Lyons, fax +61 8 8303 7I09, 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;Yt 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 et al. t99l; Beck et al. 1995;Yt et
al. 7997, 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
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deficiency (estimated by Combs (2001) to affect more than a billion individuals) and
suboptimality are enorrnous.

Several comprehensive reviews have examined Se and human health, including those of
Reilly (1996), Raynan (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 càî 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 mdkg; however, most soils contain between 1.0 and 1.5 mglkg (Berrow
& Ure, 1939). In general, total soil Se of 0.1 to 0.6 mglkg 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 Zafte, 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 lreland,
Colombia and Venezuela are seleniferous (Combs, 2001).

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 (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-eastem 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 mglkg Se in the grain,
compared to 2.0 mglkg 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 dryweight (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 (Teny 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
pennease. 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 a|.2000).

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 (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,
re96).
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Selenium: essential for human health

Selenium defi ciency dis eas es

In parts of China and eastern Siberia two overt Se-def,rciency diseases occur: Keshan
disease and Kaschin-Beck disease. Keshan disease occurs mainiy in children and women
of child-bearing age. and involves impairment of cardiac function, cardiac enlargement
and arrhythmia (Reilly, 1996). The disease's aetiology 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)
uttd ioditt. deficiency (Neve, 1999) are likely to be predisposing factors whereas fulvic
acids in drinking water (Peng et at. 1999) or mycotoxins in food (Xiong et al. 1998) are
probable causes.

Antioxidant, anti-infl ammat ory, thyr oid and immunity r o I es

Selenocysteine, the 21't amino acid, is present in selenoproteins, which have important
enzqe 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 syrthesis by the lipoxygenase and cyclo-
oxygenase pathways (Spallholz et at. 7990). 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 inflamm ation (Zhang et 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 at. 2001), arthritis (Peretz et at. 200I), muscular dystrophy (Kutiharu et al.
2000), cystic fibrosis (Kauf et at. 7994), acute pancreatitis (De las Heras Castano et al.

2000), osteoarthritis (Kurz et al. 2OO2), systemic inflammatory response syndrome
(Angstwurm et at. 1999) and kwashiorkor (Ashour et al. 1999). In addition, Schrauzer
(1993) 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 s¡mthesis, regeneration of
antioxidant systems, and maintenance of intracellular redox state (Allan et 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
polyrnorphonuclear leukocyte activity (Boyne & Arthur, 1986; Dimitrov et al. 1984;
Spallholz et al. 7990). 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,
i86). 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 et al. 1998; Yu et
at. 1999; Brooks et at. 2007). 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). Il the
Nutritional Prevention of Cancer (I.IPC) trial in the US, 200 ¡tg Se/d (as yeast) reduced
total cancer mortality by 4lo/o, total cancer incidence by 25%o 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 I13 ¡t"glI, although non-
smoking males below this level are likely to have benefited from Se supplementation in
terms of prostate and colon cancer protection (Duffield-L1llico et aL.2002).

The NPC trial was conducted in a region of the US where Se intakes are estimated to be
around 90 ¡tgld, 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 þrogrammed cell deatþ (Ip et al.
t99l; Harrison et al. 1997; Combs & Gray,1998; Jiang et al. 1999; Combs, 2000, 2001;
Lu,2000; Rayman, 2000; Finley & Davis, 20011' Seo e/ 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, 1993). 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 83
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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 HlV-related mortality (Baum & Shor-Posner, 1998, Campa et al.
1999) and viral load (Baeten et a\.2001). A US study found Se-deficient HIV patients to
be twenty times more likely to die from HlV-related causes than those with adequate
levels (Baum et at. 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 et 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-Posnet 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 ¡rg Se/d for three months
significantly increased spenn motility (Scott & MacPherson, 1998). Conversely, Hawkes
& Turek (2001) found tkrat a diet containing 300 pg Se/d caused a reduction in sperm
motility in healthy men.

Se appears to be influential in the brain, and Rayrnan (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 (V/hanger, 2001),
selenoprotein W (Jeong et al. 2002) and the newly discovered selenoprotein M (Korotkov
et a\.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 mglkg (fish), 0.05 - 0.60 (cereals),
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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 ¡t"gld (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 ¡t"gld have been provided, with a raîge of 23-204 (Fatdy 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 ¡.tglday 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 ¡t'gld for both men and
women, while in Australia it is 85 and 70 ¡.t/d for men and women, respectively. The
Third National Health and Nutrition Examination Survey in the USA CN : 17,630)
indicated thatggo/o of the subjects were Se replete (i.e. above 80 ¡tfll 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 ¡igld.

It is evident that many people do not consume enough Se to support maximum expresslon
of selenoenz)¡mes, 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 arc aI 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 ¡t"glday (Batclay et al.
1995; MAFF, lggT , 1999). These authors attribute this fall in part to the use of low-Se
tIK 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, semm or
whole blood of healthy adults from sixty-nine countries. A sample of plasma or serum Se

concentrations (¡rgll) is as follows: Austria (67), Burundi (15), Canada (I32), 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
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representative sample of forty-five countries) is 78 ¡t"gll, with a tange of means of 15

(Burundi)-216 ¡t"g/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 ¡t g/1, ttre 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 Pgll 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 estimat e of 94 ¡tgll 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 ¡.tgll) are: Judson et al. 1978, 1982 (124, 114); Pearn &, McCay, 1979
(SS); McOrist & Fardy, 1989 (98, 86); Brock et al. L99I (88); Cumming et al. 1992 (81);
Lux & Naidoo, 1995 (101); McGlashan et at. 1996 (80); Dhindsa et al. 1998 (92); Daniels
et at. 2000 (77, 88); GJ Judson (unpublished results from 1987 and 1988) (91., 92, l0I,
95); GH Lyons et al. (unpublished results from 2002) (103). This places Australia well
above the estimated world mean reported Se level of 78 ¡t"g/\.

In Australia, relatively low blood Se levels have been reported in Adelaide infants.
Daniels et al. (2000) found aplasma Se level of around 3l ¡t"gll (SD 13) in a sample of
newborn infants, a level comparable with that of New Zealand. lnfant 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 ¡r.g/1 (Judson et al. 7978),
whilst Kangaroo Island residents in 1979 recorded a mean of 143 pgll (Judson et al.
1982). However, in later samples of healthy Adelaide adults from 1987-2002, mean
whole blood Se levels were 117,126,728,I18 (GJ Judson et al., unpublished results from
1987 and 19SS) and 125 (GH Lyons et al., unpublished results from 2002), with Mount
Gambier residents recording l2l in 1987 (GJ Judson et al., unpublished results from
7987), for a grand mean for the period 1.987-2002 of 122 ¡tgll. The apparcnt decline in the
early 1980s may be due to changes in dietary composition andlor a decrease in Se

concentration in S outh Australian- grown whe at.

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, 95o/o 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 ¡t"/l
(Rayrnan & Clark, 2000), and the latest analysis shows that the Se benefit was largely
restricted to male smokers with baseline plasma Se level below I13 ¡t gll The strongest
protective effect was against prostate cancer, with a hazard ratio of 0.48 (95% CI: 0.28-
0.80) (Duffreld-Lillico et al. 2002). None of the subjects had plasma Se levels below 60

¡.tgll and very few were less than 80 ¡tgll, thus the cohort must be considered Se-adequate
by current nutritional standards (Combs, 2000).
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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 ¡t"gll, and many populations in Europe
(Ra¡rman, 2000)) would be in the responsive range.

The NPC participants lived in a region where dietary Se intake is around 90 ¡tgld (Clark et
at. 1996), thus with the addition of the 200 ¡t"g supplement, individuals in the treatment
group would have received around 270-310 ¡tgld. Combs (2001) suggested that a Se

intake of 200-300 ¡t"gldmay be required to significantly reduce cancer risk. This compares
with an estimated Australian adult intake of 75 ¡tgld. 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

¡rg Se/d and around 50 mg vitamin Eld may be beneficial, particularly for current or
previous smokers. The results of the NPC trial (Duffield-Llllico et al. 2002) suggested
that males may have a higher Se requirement than females. Further studies may find
optimum adult Se intakes in the tange 125-280 ¡.t/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 syrnptoms 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 (Schrartzet,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 ¡t"gladultld, respectively, ate too conservative.
Under normal conditions, a Se intake of less than 1,000 ¡.tgld(or 15 ¡tglkg 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 ¡.tgld for a 70 kg human
(Schrauzer, 2000) for several reasons. First, Vincetí et al. (2001) have documented
possible adverse effects of levels of supplemented Se around 300 ¡tgld on thyroid status.
Second, a reduction in sperm motility in a group of eleven men supplemented with 300 pg
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, lyrnphoma 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 selenoenzyffìe 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,
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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'

In cr e a s e d c o n s umpt i on of hi gh er - s el enium fo o d s thr ou gh e duc ati on

Globally, wheat is probably the most important dietary source of Se. Even in Europe, with
its low leveis of available soil Se, bread and cereals, being commonly consumed, are

important Se sources. In the IIK, for example, it is estimated that bread and cereals supply
around 22o/o of Se, second to meat, poultry and fish (36%) (Ministry of Agriculture,
Fisheries & Food, 1997).

Brazllnuts 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 mdke $inggi & Reilly, 2000).

Individual s upp lement ation

In Westem 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 ieveral organic Se forms, including selenomethionine and selenocysteine (Bitd et

at. 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 (FedgazeïIe,2000). These examples can be included in the

functional foods category, along with high-Se broccoli (Finley, 1999), high-Se garTic (Ip &
Lisk, 1994) and the high-Se yeast noted above.
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S el enium suppl ement ati on of liv es t o ck

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", inj ection).

In New Zealand, sodium selenate is supplied as a prill to pastures (Reilly, 1996). In a

Westem Australian study, slow-release barium selenate applied at 10 glha prevented
subclinical selenium deficiency in sheep lor 4 years, whereas a single application of
sodium selenate at the same rate was effective for only 15 months (Whelan & Barrow,
tee4).

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 fertilis ation 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 rale of 10 mglkg (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 at. 7995). 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 & V/atkinson, 1985). The enhancement of wheat Se level by fertiliser will be
discussed further below.

P lant br eeding for enhance d s el enium a ccumul ati on

Breeding for improved Se uptake and/or retention by plants may be an effective,
sustainabie strategy. Preliminary studies have found a 15-fold variation in Se-

accumulating ability among brassica vegetables (Combs, 2007), 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
andlor retention, orto 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.

\üheat: an important selenium source for humans

Surveys indicate that wheat is the most efficient Se accumulator of the coÍlmon cereal
crops (wheat,rtce,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 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 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 mglkg in south-west Westem Australia
(White et al, 1981) to 30 mglkg 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
raîge (Alfthan & Neve, 1996). Canada and the US have relatively high levels, usually in
the 0.2-0.6 mglkg range (Reilly, 1996). New Zealand and Eastern Europe generally have
low levels, for example the 0.028 mglkg average found by Mihailovic et al. (1996) for
Serbia.

Some countries, including China (with a range of 0.01-0.23 mglkg (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 (Bolla 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 mglkg, while a single
brand of bread collected from different bakeries in Boston alone };rad a range of 0.24-0.92
melkg(CV 4l%), with a mean of 0.60 melke (Holden et al. l99l).

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 mglkg (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 4O-fold difference between wheat Se values, and a 11O-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 mglkg(White et al. 1981). The figure of 0.001 mglkgis the lowest

t2



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 (1931) 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 mdke (SD 0.026) mg/kg, raîge 0.043-0.22a mglkg) than the NZ wheats
(0. 028 (SD 0. 0 1 0) mglkg, range 0.0 1 1 -0.08 6 mglkg).

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) mdkg. 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 arange of 0.005 - 0.700 mg Se/kg, with values typically 0.080 - 0.180 mgkg, a

grand mean of 0.155 (SE 15) mglkg, and a median of 0.100 mglkg (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 aveîage, being well above
New Zealand, IIK and Eastem 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). Se is well absorbed (generally 73-93%) from most sources, with
selenomethionine and selenate usually absorbed more efficiently than selenite (Raghib er

al,1986; Stewart et al. 1987; Moser-Veillon et a\,7992; Van Dael et a|,2002).

However, the assessment of bioavailability of food micronutrients in general (Graham et
at. 20OI; House, 1,999) 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 at. 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 et al. 1986; Hakkarainen,Igg3). 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 1.00o/o, the bioavailabilities of Se in different foods
were: wheat 83-100%, barley 78-85o/o, oats 4l-45Yo, fishmeal 64-80yo, and meatmeal22-
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 mglkg for home-grown wheat to 0.518
mglkg for Canadian wheat, and was significantly correlated (p<0.001) with protein
content (Barclay & Macpherson,lgg2). Norway's population, despite a modest total Se

intake, has the highest serum Se level in Europe at 719 ¡t"gll. The probable explanation is
that their major selenium source is North American wheat. In a Norwegian study, Meltzer
et at. (1992) demonstrated the high bioavailability of wheat-Se by feedingtnal participants
Se-rich bread providing 100, 200 or 300 t¿g Se daily for 6 weeks. Serum selenium
increased in a dose-response manner by 20, 37 and 53 ¡tglI, 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 et al. 2000b).
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, cassav a 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 et 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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S el enium fertilis ati on

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). It is a
very inexpensive method to increase Se intake by humans: the material cost of applying 10

dhL 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. (7987) 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-t-la+ was 0.01 mglkg or less; now spring wheats typically contain around

0.25 mglkg, and for the less-fertilised winter wheat, around 0.05 mglkg (Ewola 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 fertiiisers might eventually lead to
accumulation of toxic lãvels in the environment appears to be unfounded (Y:uon et al.

1994; Oldfield, lggg). 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

lCisset-Nielsen, 1981; Y\aranta,1983a,b, 1984; Singh, 7991; Shand et al' 1992;Guptaet
at. 1.993; 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 et at. 1992) found that long-term Se supplementation of cattle

at maximum p"t*ìtt.d levels did not result in Se contamination in streams that received

runoff from feeding areas. However, a Californian study of a deer forest raîge treated

with seleniferous f"rtili.rt found significant Se accumulation in aquatic biota in streams in
the same area (Maier et a\.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; Gissei-Nielsen & Gupta, 2001). For example'

a grainse content of 100-200 þglkg in barley was obtained by applying 10-20 g selenate

/hã, but over 100 g selenite/ha was required to reach this level (Ylaranta, 1983b). On a
fine sandy loam oipH 6.0, 10g selenate/ha applied to the soil raised barley grain from 33

þtglkg (cóntrol) Io 234 l.tylkg, while 10 g selenitelha caused no increase (Gupta et al'
fgg:). In many soils, selenite is readily adsorbed on clay colioids and becomes

unavailable to plants.

The relative effectiveness of soil or f-oliar application of Se depends on Se form, soil
characteristics, method of basal application, and time of foliar application - Ylatanta
(1983b) found basal and foliar selenate to be equally effective at the low (10 glha) tate,
foliar better at 50 glha, and both equal at the high rate of 500 glha. In further trials, foliar
selenate applied ut ttr. 3-4leaf stage was found to be more effective than basal application
on clay sól of pH 6.3, of similar effectiveness on high-humus, fine sandy soil of pH 4.6,

and slightly lesi effective than basal fertiliser on a fine sandy soil of pH 5.0. Ten glha of
foliar õ1.trut., using a wetting agent, raised wheat grain Se level from 16 to 168 Fglkg on
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the clay soil, while 99 basally applied raised it to just 77 ¡t"glkg. Overall, foliar application
was the more effeciive method, except where gfowth was poor due to low rainfall
(ylaranta, 1984). This suggests that, for most of Australia's wheatglowing areas, basal

àpplication 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 freld (5-100 glha) it is unlikely that

there would be any phytotoxic effects, including growth inhibition.

The question arises as to what is a desirabletarget 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 ¡^rg grain-Se/kg. 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 diffèrent to those in Europe and Canada' where most studies have been

conductLd. 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 cuãently conducting field trials to assess different application methods and rates

of selenate on wheat in South Australia.

l|lheat breeding to increase grain selenium density

The extent of human micronutrient malnourishment. Around half of the world's
popuiation is mainourished. More than two billion people consume diets that are less

àiu.r.. 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 g8.t% (around 1.4 billion) of the people (World Health Organisation,

leee).

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. (200I) concluded that a nerw agricultural
paradigm is needed to address global micronutrient malnutrition: "..'an agriculture which
ãi-. trot 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.200l).

Breedingfor higher nutrient density in staple crops. Progtams which include fortification,
education and supplementation have been successful in countering micronutrient
deficiencies in certàin cases and will continue to play a role. However, they tend to be

expensive, require ongoing inputs and often fail to reach all indivicluals at risk.

Furthermore, iuch ptogfuttt. tÀemselves ate aI risk from economical, political and

logisticpl 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 ðurrent 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.200I).

Exploiting the genetic variation in crop plants for micronutrient density is likely to be an

effèctive 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 Intemacional de Mejoramiento deMaíz y Trigo
(lntemational 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
50olo more iron and zinc thanthe 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 ¡lg 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

p.glaú:iitlday to 113 ¡t"gladult/d, with significant health benefits.

Graham et 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 at. 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 genotlpes
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 gcne, 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, agtonomic 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 polymofitrisms, amplified fragment length pol¡rmorphisms and randomly amplified
pofy-órpfric D-NA) for the mRNA expressed by efficiency and grain-loading genes,

p.oïia"r utr alternaiive to conventional plant breeding as a means to enhance micronutrient
density in cereals (Graham et at. 1997). The introduction, for example, of a gene that

facilitátes expression of the peÍnease sulphate transporter would be likely to increase

uptake and transport of selenate.

Surveys of Se ievel in grains have suggested that environment may be more important
than genotype in determining grain Se density. The Queensland study of Noble & Barry

G98;), discussed above, found differences in Se concentration in wheat of up to 100-fold
at different sites, but little diffeïence 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 1l to 182 þ+glkg. A significant
diffeience 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

accessións) 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 (Piergiovanní et aI,

I9g7). This is in contrast to the findings of Grela (1996), who observed no Se differences

between spelt and wheat. It is not clear atthis stage whether sufficient genetic variability
for grain 3e 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 725-280
p"fladultld,depending on gender, pregnancy and exposure to oxidative stress. The average

Australian adult would ingest around 75 ¡t'gSeld.

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 iir 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 sãveral important cancers, cardiovascular disease, viral disease sequelae, and a

range of other .o.rãitio.rr 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 bréeding lheat 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

! S.nu can increase grain Se level by up to 0.40 mglkg. However, studies are needed to

determine the most éffrcient 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

(inciuding 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.
Consequentiy, 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
increasè its intake are required. Se levels in healthy Australians are generally above the

estimated global averagebut below an estimated optimal intake. Increasing the Se content
of wheat, *nrn 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 recom.mending 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 t'' have stimulated interest in a cancer-
prgn.nlirr. role for Se. In addition to its cancer preventive capacity, Se has an anti-viral
ãffect.3'a 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 people5 - and suboptimalily ate
enoÍnous.

Several comprehensive reviews have examined Se and human healths-8, 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.5

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
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into selenoproteins. Successive methylation of hydrogen selenide detoxifies excess Se.

Selenomethionine can be incorporated non-specifically into proteins in Pl.ace of
methionine, and selenocysteine is óatabolised to hydrogen selenid" by u beta-lyase.s

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 mdkg; however, most soils contain between 1.0 and 1.5 mglkg.e In
general, total soil Se ofb.f to 0.6 mg/kg is considered deficient. Soils in New Zealand,

óenmark, Finland (pre-1984, before S. *ur 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.5'10'11 Large areas of Africa, including much of Zaite,

aie 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 Venezu ela ate seleniferous.)

In acidic, poorly aerated soils, Se is relatively unavailable to plants and occurs mainly as

insoluble ielenides and elemental selenium. In lateritic soils, which have a high iron
content, it binds strongly to iron to form poorly soluble ferric hydroxide-selenite
compl"*es.t' In wettei iegions, selenate can be leached from the soil, resulting in
selenium-deficient areas, foiexample New Zealand and Tasmania.6 The availability of
soil Se to crops can be affected by irrigation, aeration, liming and Se fertilisation.l3

Australia has both high- and iow-Se soils and large areas that have not been mapped for
the element. Seleniierous 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 Southem Tablelands and Slopes and the

Northem Tabielands of New South Wales, the south-eastem coast of Queensland, south-

west Westem Australia; coastal and central regions of Victoria, much of. Tasmania, and

South Australia's Mount Lofty Ranges and Kan-garoo Island (see Fig' 1).u'to
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Figure 1. Selenium in Australian soilsl5

The Se contents of plants vary according to available soil Se and plant species. For

example, wheat grown in Shaanxi Provincã, China may have 0.003 mg/kg Se in the glain'

compared to 2.0 mglkgfor wheat from the North or South Dakota wheatlands.s 'Wheat

Aom nignty seleniferous areas of South Dakota may contain more than 50 mg/kg Se (Prof'

G. Combs, pers. coÍtm. 7th June 2002),.whiie Astragalus on the same soils may

accumulate up to 15,000 mglkg dryweight.l6

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.l7 Conditions which are related to Se

deficien a wide scale in certain countries, include white muscle

disease, reatic degeneration, liver necrosis, mulbetty heart

disease, is usuallylot the only cause of these diseases'6

Selenium: essential for human health

Selenium deficíency dis eas es

In parts of China and eastern Siberia two overt Se-deficiency diseases occur: Keshan

disåase and Kaschin-Beck disease. Keshan disease occurs mainly in children and women

of child-be anng age and involves impairment of cardiac function, cardiac enlargement and

anhyhmia.u t:tt"-¿lt.ase's aetiology it likely to be,99ppl.*, 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, fism. Se and vitamin E deficiency 6 and iodine

;;ffi;}Ç factors whereas fulvic acids in drinking water22

or mycotoxins in es.
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Anti oxid ant, ant i -infl amm at ory, thyroid and immunity r o I es

Selenocysteine, the 21't 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
eicosanoid syn esis by the lipoxygenase and cyclo-

function reduces damage to lipids, lipo-proteins and DNA,
ardiovascular disease and cancer."''o Moreover, selenite

inhibits tumour necrosis factor-aþha-induced expression of adhesion molecules that

promote infl ammation.2T

There is a growing body of evidence to suggest that Se (especially in the sodium selenite

form) can alleviáte conditions assoc-iated with high levels of oxidative stress or

inflammation. These include asthma-ts'ié diabetes,3õ arthritis,3l muscular dystrophy,32

cvstic fibrosis.33 acute pancreatitis,3a osteoa tis,r) systemic inflammatory response

,yndro-" 36 and kwashiorkor.3t In addition, Schrauzer (199S) discusses the application of
sãlenite therapy to viral haemorrhagic fever, acute septicaemia and lymphoedema''"
Another group of selenoenz)¡mes, the thioredoxin reductases are involved in reduction of
nucleotides in DNA syntheÃis, regeneration of antioxidant systems, and maintenance of
intracellular redox state. 3e

The thyroid gland has the highest Se concentration of any hlman o.qltt oo and Se is

involved in thyroid metabolism through the iodothyronine deiodigases, which catalyse the

production of active thyroid hormone, T3, from ihyroxine, T4.41 The iodine deficiency

ãi..urr. goitre and myxoedematous cretinism are more prevalent in central Africa in those

regions *tri.tr are deficient in both iodine and Se,a2 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
ent of neutroPhil, macroPhage and
Se supplementation of even supposedly Se-

s enhancement of natural killer cell
liferation of activated T-cells.a5

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 ha-ve suggested an inverse association between human Se intake

and cancer mortality.a6 An extensive literature documents the numerous ln vitro and

animal studies that have been conducted du ing the past 35 years. Most demonstrate that

application or intakes of Se at supranutritional lèvels càn inhibit tumorigenesis.a6-48
pìðspective 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.on-tt

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 (I.{PCi trial in the US, where 200 micrograms (¡rg) of Se per day (as

yeast) reduced total cancer mortality by 4\o/o, total cancer incidence by 25% and prostate

ôur.., 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 ll3 ¡.tgll,
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although non-smoking males below this level are likely 1o h.,ave benefited from Se

supplementation in terms of prostate and colon cancer protectton."-

The NpC trial was conducted in a region of the US where Se intakes are estimated to be

around 90 p.glday,well above the level required for optimal selenoenz¡ane activity. This

suggests additional mechanisms in Se's cancer preventive role. While some cancer

prãiÉction, particularly that through antioxidant activity, involves selenoenzymes, the anti-

.urrr.. effects of Se are likely to involve the production of specific anti-tumorigenic
metabolites, such as methylselênol. 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 (progranimeã ceil death). s'7'46's3-se

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 3e intakes may beneãt from Se supplementation.a6 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.6o 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.a'61,62 Furthermore, Se-deficient mice develop severe pneumonitis when infected
with a mild strain of influenza virus.62

Se appears to be of particular importance for.people with HIV. Se deficiency is a

significant predictor of Hlv-related mortality 6z'a+ un- viral 1oad.6t A US study found Se-

dJficient HiV patients to be 20 times more likely to die from HfV-related causes than

those with adequate levels.3 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
HlV-l-seropositive drug users found low Se level to be a significant risk factor for
developing mycobacteriãl disease, notably tuberculosis.6T

e infected with hepatitis B or C against
Selenoproteins encoded by HIV, hepatitis C

rrhage) have been discovered that
sponse.68'un

Other health effects

Low Se status has long been known to reduce fertility in livestock,70 and this also appears

to be the case for humans. Low Se levels have been âssociated with male infertility 71 and

spontaneous abortions ." In a Scottish study, supplementation of subfertile men with 100

ig otse per day for three months significantiy ln.t.u..d sperm motility.73

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.T These conditions
can be alleviated in indiviãuals with low baseline Se levels-þY Se supplementation.

Recent studies suggest that selenoprotein P,74 selenoprotein V/ 7s ánd selenóprotein M 76

have important roles in the brain.
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Se forms selenides with all metals, and detoxifies mercury,-cadmium, lead, silver, thallium
and arsenic. This effect can be enhanced by vitamin E.77 In the case of cadmium and

mercury, detoxification is achieved through the diversion in their binding from low to high

molecuiar weight proteins.Ts

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-þtglday (in Chinese selenosis areas). Estimates provided of Se

intake (in ¡.tglday) for severai countries include England (1,2-43), Belgium (45), canada

(98-224), USA 1OO-220), croatia (27), New Zealand (19-80), Japan (104-127) and

Venezuela (200-350).5 In Australia few comprehensive studies have been conducted, but

estimates of 63 and Oe ¡rglduy have been p.orrid"d, with a raîge of 23-204.6''e In view of
the estimated mean plasma lêvel of Se in Australian adults of 89 Pdl, a mean intake of
around 75 ¡t"glday appears likely for Australians.

The US Recommended Daily Allowance, which is based on the Se levels considered to be

necessary to maximise glutâthione peroxidase activity. is 55 ¡'+g/day for both men and

women, while in Australia it is 85 and 70 ptglday for men and women, respectively. It is
evident that many people do not consume enough Se to support maximum expression of
selenoenzyrnes 1bO-eO þtglday), iet alone the level required for optimum prevention of
cancer. ti is titcety ttrai ihe vast majority of the world's population have suboptimal Se

intakes,5 and hencá are atincreased risk ofcancer, heart disease, viral diseases, and indeed

any conditions which involve increased levels of oxidative stress.

Furthermore, a trend toward a reduction of Se in the global

food chain, (inv^olving sulphur release), acid rain' soil

acidification, ..,. *o *i-otã intensive crop production'l3

Blood Se levels have decreased signific 1y in the United Kingdom from 1984 to
îôöt,f-itj-uJ.,ro"nt average Se intake in tire UK may be as low as 34-39 lrdduy'n'to-
This fall is attributed largely to the use of low-Se UK and European wheat in place of
North American wheat. fni. nigntights the sensitivity of Se intake and body levels to

changes in the food supply. Prõminent researchers Margaret Raynan 8'81 and Edward

Giovannucci 82 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.o' 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 ¡t'gll) 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), Caãada (132), China-Keshan disease area (21), China-selenosis area (494), Finland
prr-ioa+ (70) and post-l984 (92),_Hungary (54), Japan (130), New Zealand (59)' Norway

itU;, USA (119) and Zaire (27).t Th" mean value (calculated as the mean of the means

for each of the 69 countries) is 83 ¡tg/|, 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.
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Selenium levels in the Austrqlian population

An estimate of 93 ¡t"g/I of plasma/serum Se for Australia can be derived from the means

determined from 18 rtr¿i". of blood Se levels. If post-l990 data only are used, the mean

is S9 ¡t"gll. Using either mean, Australia is above the estimated world mean reported Se

tevet óiZS tt"gll. Alarge sample of Adelaide blood donors with mean age of 49 years had

a mean plasrna Se concèntration of 103 ¡t"gllin2002 (Lyons et al, unpublished)'

However, low blood Se levels have been reported in Adelaide infants: a plasma Se level of
around 3l ¡t"glI(SD 13) in a sample of newbom infants, similar to New Zealand 1evels.86

Infant Se levels are tlpically hali those of adults. The reported level places the infants at

increased risk of a.urg" of ðonditions that involve oxidative stress and inflammation.

Optimum s el enium intake

In the NpC trial in the US, the protective effect of Se against cancer occurred in the lowest

(retative risk [RR] of 0.52, 95õ/o Cr:0.33-0.82) and middle (RR 
9.-6_4, 

95% Cr 0.40-0'97)

ìertiles, which inciuded those people with plasma Se levels below l2l p'!1,"' and the latest

analysis shows that the Se bånefit was lárgely restricted to male smokers with baseline

plasma Se level below ll3 ¡tgll. The strongest prote,ctive effect was against prostate
^"urrr.r, 

with a hazardratio of 028 e5% CI: 0.28-0.80)." None of the subjects had plasma

Se levels below 60 ¡tgll and very few were less than 80, thus the cohort must be

considered S e-adequate by current nutritional standards' 53

Although there is a risk in generalising results of individual epidemiological and

intervention studies, this resuli would suggest that the vast majority of the world's
population (including that of Australia, with a probable mean plasma'/serum level around
-AO- 

¡rglt, and many populations in EuropeT) would be in the responsive range'

The NpC participants lived in a region where dietary Se intake is around 90 ¡t"glday,t th,,s

with the addition of the 200 ¡tgrrrppl.-..rt, individuals in the treatment group would have

received around 270-310 ¡tgÁuy-. A Se intake of 200-300 l.tdday may be required to

significantly reduce cancer Ãt.t This compares with an estimated Austraiian adult intake

of 75. Of course, Se requirement varies 
-between 

individuals in the same population'7

Even Moy ad (200)), who ìxpresses doubts about the interpretations of certain Se studies,

and considers some estimatei of its cancer protective effect to be optimistic, suggests that

an intake of 200 ltdday Se and around 50^ mglday of vitamin E may be beneficial,
particularly for rrr**t or previous smokers.s8 The results of the NPC trial suggest that

males may have a highei Se requirement than females.s2 Further studies may find

optimum á¿rrit S" intakes in the range 125-280 pdday, with means of around 130 (F) and

ZSO ryf¡. Pregnant females may have a higher Se requirement than non-pregnant

females.se

Chronic selenosis occurs in Enshi County, China where coal-contaminated soil contains

up to 8 mdkgse, and residents have consumed up to 7 mgper day. common syrnptoms

include nail thickening and cracking and hair loss, and some people exhibit skin

lesions.eo,el The concern that the incórporation 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.e2

Combs (2001) considers it likely that the WHO and EU estimates of the upper safe limit of
Se intake of 400 and 300 p,gadlttaay, respectively, are too conservative.s Under normal
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conditions, a Se intake of less than 1,000 pdday (or 15 þglkgbodyweight) does not cause

toxicity.60,Ó3-es 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, dêlivers 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

diificult to quantify, but is likely to be enoÍnous given the high prevalence of various

cancers, .uráiouur"ular 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 litestock (eg sodium selenate added to New Zealand pastures); Se

fertilisation, or more correctly agronomic bioþrtification, of food crops (see below for
further discussion), and plant breeding for enhanced selenium accumulation'

Wheat: an importtnt selenium source for humans

Surveys suggest that wheat is the most efficient Se accumulator of the common cereal

cropslwheát,i"",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,e6 and bread has been found to supply one-third of the daily
Se intake of Australian children.eT 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 P"glkg in
south-west Western Australia n8 to 30,000 ¡

Dakota,ee but most of the world's wheat fal
and the US have relatively high levels, usual
and Eastem Europe generally have low level

101serDla.

Selenium in Australian wheat

Four published surveys of Se concentrations in Australian wheat have been identified.

Thess studies sampleá wheat grown from 1974 ro 1982 and, excluding a study in a very
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low Se area in south-west Western Australia,e8 provide a combined mean of 146 þdkg
ög. zõ-soôj õ--o targeted survey of wheat grown in South Australia in the 2000 and

2001 seasons yielded u -run of 155 þdkg (rãnge 5-700), but a lower median of 100

Ltglkg. Furthermore, levels were highiy variable, with a ten-fold difference in grain Se

concentration ,ecordád in replicates of a-single cultivar glo\Mn at one trial site (Lyons et al,

unpublished). These .rr*"yì suggest that, ùke blood Se levels' Australian wheat grain Se

concentrations are generally aUovã 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 bio av ail ability of wheat- s el enium

In human nutrition terms, bioavailability can be defined as the amount of a nutrient in a

meal that is absorbable and utilisable Uyitte person eating the mea1.103 Se is well absorbed

(generally 73-93%) from most sourc.es'.^rwith selenomethionine and selenate usually

ab sorbed more efficiently than selenite. 1 04'1 05

If tissue retention is used as a measur e, nat s by far the most

availabie form of the element, although there between different

twes of food. Se form is important: selenc which Se mainly

;ilå-;"t*tJõuï.utt., -rr.hroo*s 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 selenoenzyrne expression' Selenocysteine' on the

other hand, cannot be incorporatád dit"ctly into proteins, but is catabolised directly to

hydrogen selenide. It is thus better utilised for selãnoenzymes but not retained as well as

sålenomethionine.s' 
t 07'1 08

Se is generally more bioavailable from plant f .-ì,1\?1l from animal foodstuffs,l0e'llO utt6

wheat Se is one of the most bioavaitaUte fbrms.111'112 Norway's population, despite a

modest total Se intake, has the highest semm Se level in Europe at 119 ¡t'y'|' The probable

explanation is that their major selenium source is North American wheat'l13

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 

fóod systems. Moreover, it is clear that

asronomic Se biofortification of wheat is an effective means to increase grain Se

cãncentration.5't 14

Agronomic selenium biofortification

To overcome the low Se levels in food crops in certain areas, different methods of Se

biofortification have been investigated for môre than 30 years. Of particular interest are

the experiments of Ylaranta, Cisset-Nielsen and Canada'

respecìively. It is a very inexpensive method ans: the

material cost of apptyng tO lha of selenate ^ eness is

illustrated by the l*tãu.ã in biood Se levels in Finland post-1984. The Se level in all

domestic cereal grains in Finland pre-1984 was 10 þglkg or less; now spring wheats

typically containiound 250 þglkg, and for the less-fertilised winter wheat, around 50-íi*r;ttt 
Current application.ui., uury from 5-10 g selenate/ha, and the practice appears

to be safe.
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The concem that continuing use of selenium-amended fertilisers miglt t":n1t1l1ïlt"*,1:
accumulation of toxic levels in the environment appears to be unlounceo' tIrE

residual effect of Se treatments was found to be low to negligibl%it,th"-following year'

even when it had been applied at the high rate of 500 glþv.'Ir'tru-rzo Furthermore, the

bioavailability of residual sèlenium is lowãred 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

éã äpîr].*forr- rìo 
- 

It would appear that risk of environmental Se accumulation due to

responsible agricultural use is low.

Most studies have shown selenate, whether
more effective than selenite.13'1t8-t',4 For e*
barley was obtained by applying l0-20
required to reach this level''" In many
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, attd time of foliar application ' Ylaranta found

basar and roliar selenate to be eqúallv errective ?ff** $t "*flr'tll;,Tt'f,å:'::13f,:ore effective method, except where growth
s that, for most of Australia's wheatgrowing

selenium could be added) to boost growth or
Australia have confirmed this (Lyons et al,

used for biofortification (5-100 g/ha) it is
effects, including growth inhibition.

The question arises as to what is a desirable target level for Se in wheat grain' A
concentration of around I mùkg (1,000 þdkÐ.onid be considered desirable in a "high-

Se" bre pãstã or brea¿, aslt is well within food regulatory guidelines

and, ba sumption, would significantly increase a consumer's daily Se

intake. a nutripreventive unti-"utt."t "functional food" could be based

on wheat containing 10 mglkg Se. tn a US trial that investigated the effect of different Se

forms on the proliieratiorr of colon cancer precursors in carcinogen-treated rats' high-Se

wheat (around 10 mglkg) sourced from Souttr Dakota was the most effective anti-cancer

treatment. This whei, ñhi.h provided 2 mg Se/kg of diet, reduced the number of aberrant

crypts by 48o/o, compared to 36Yo for hig'h-Se broccoli while there was no effect for

."äi"* í.r"nit..to Further animal trials io 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-viial activities. It is evident, due mainly to its

foor availability in'many soils, that at least a billion people may be se-deficient'

Furthermore,the vast ma3órity of the world's population would receive well below the

level needed to maximise cancer prevention, *hi"L is fikely to be within the range of 125-

280 ¡t"gladultlday,depending on gender, pregûancy and-exposure to oxidative stress' The

uu.rug-. Australian adult would ingest around 75 t'tg Se/day'

10



se levels in Australian wheat are generally higher than the world avefage' Due to

widespread wheat consumption and the trigl Uiõavailability of selenium in wheat, this

source probably accounts fòr nearly half the Se utilised by Australians. An increase in the

Se content of wheat grain is likeþ to be the most cost-effective method to increase Se

ievels in the human pãpulation. Asubstantial increase in population Se intake may result

in decreased rates ãf^several important cancers, cardiovascular disease, viral disease

sequelae, and afange of other .onditiorN that involve oxidative stress and inflammation'

with resultant reductions in health costs.

The most promising strategy to increase Se in wheat appears to be agtonomic

biofortification. Stud"ies in Eüope and North America have shown that the addition of as

little as 10 g Selha can increase grain Se level by up to 400 pglkg.

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 SELÉCT 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,

lowerinf "*"å, ¡it an¿ protecting against serious viral disease sequelae. While Se

deficien-cy diseases have báen r..ogttir"d for several decades, there is mounting evidence

that less overt deficiency.u.r 
"uo..ãdrrerse 

health effects, and that supranutritional intakes

may provide additionai protection from disease. In healthy sub-groups of the South

Rustrãtian population ru-pt"a from 1977 to 2002 (total sample size 834), whole blood

and plasma Sã concentrations were well above an estimated global mean, notwithstanding

an apparent 2¡o/o decline from the late 1970s to the late 1980s. Age and gender effects,

althóugh not large, were statistically significant: plasma Se increased with age, and males

had higher plasma Se levels. Leveli of copper, zinc, phosphorus, sulqlur, sodium,

potassiim, ,ãl.i,r-, 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 caicium and phosphorus in plasma, and with sulphur in whole

blood. The mean plasma Se concentration of 103 ¡^lgl1 found in the Adelaide, 2002 survey

is just above the istimated requirement for maximisation of selenoenz¡rme expression'

Only S% of men in the 2002 survey were above 719 ¡tgll, a plausible tatgel for maximum

,unó., protection. Many Australians - and especially pregnant or lactating women,

infants, male smokers, -.r, 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
examplË, by applying Se to wheat crops), careful supplementation, and reducing smoking'

Introduction
(Se)isofprofoundimportanceforhumanhealth.Its

y (as defined by sub-maximal selenoenz¡rme activity) ate

manifested in populations as increased risk of thyroid and

s sequelae of RNA viral infections, cancer and various

inflammatory conditions (Ra¡imar¡ 2002). Moreover, mounting evidence suggests that

supranutritional Se intakes provide additional protection against disease, in particular,

" 
un.., (C omb s, 20OI ; Duffield-Lillico et al, 2002; Rayrnan, 2002)'
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Rayman (2000, 2002) and Giovannucci (1998) observe that blood Se levels have

decreased in the United decade 1984-1994' and current Se intake in
the uK may be as low et al, 1995; MAFF, 1999). These authors

attribute this fall largely low-Se LIK and European wheat in place of
high-Se North emJ¡can wheat. This highlights the sensitivity of Se intake and body

leiels to changes in the food supply. Also of concem in this context is a trend toward a

reduction of Se in the global foàd chain, possibly caused by fossil fuel buming (with
releasc of sulphur, a Se ãntagonist), acid rain, soii aciclification (Se in low pH soils is less

available to plants), use of hlgh-sulphur fertilisers (Frost, 1937) and more intensive crop

production (Gissel-Nielsen, 1 998).

V/hole blood, plasma or serum Se concentrations provide useful indicators of human Se

intake and status. Se concentration in plasma is around 94o/o 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

beán 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

countrieì, of which a ìample of plasma/serum concentrations (in ¡lgl1) follows: Austria
(67), Canada (I25), China - low-Se Keshan disease area (19), China - high-Se selenosis

area (494), Hungary (58), Japan (111), New Zealand (57), USA (124) and Zafie (27)
from studies published after 1990 were used to
value ean of the means for a

s 78 P eans from 15 (Burundi)
also c o 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 be1ow this.

The WHO reference level for Se is 70 ¡rgl1, which is the minimum level for maximisation

of the selenoenzyrne glutathione peroxidase activity in plasma or serum (Neve, 1995)'

However, this value may be consèrvative: Ra¡rman (1997) has quoted studies that show

that a level of 100 ¡.tgll 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 or 92 ¡tgll (tange 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), , Daniels et al (2000), Dhindsa et al (1998),

Judson et al, 1978, (1995), McGlashan et al (1996)' McOrist &
Fardy (19g9) and pe 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 aplasma Se level of around 3l ¡tll (SD 13) in a sample of newborn

infants, a íevel comparable with New Zealand, a low-Se country. Infant Se levels are

typically half those of udnlt.. These levels place the infants at increased risk of conditions

tirut in rotue 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

õnu"gr. in the food supply, it is necessary to use local data to monitor Se status. They

also note the paucity li ,t r.trutian 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. Moreoïer, 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 i
healihy South Australians ]n 2002 with current global levels;

Australian plasma and whole blood Se levels with previous south

back to 1977, to assess trends; asscss the relationships of blood Se concentration to

gender, age and other mineral nutrients, and discuss estimates of optimal Se status and

ðo*put. these with current South Australian Se levels'

Materials & Methods

Samples

2002 Survey
A total of 2gg samples of whole blood were obtained (using 10ml Vacutainer glass tubes

with sodiu- frepa.iì as coagulant) from blood donated at the Australian Red Cross Blood

Service (ARCBS), Adelaidã from 26-28 Jwe,2002. Donor approval was obtained, and

age and sex of each donor provided. This group could be considered to be a relatively

hãaltþ sampie of the R¿etaide population, háving been screened free of infectious

diseases, and likely to be free ofcancer.

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

à.ta p,r6tished studies of employees of the Institute of Medical an

(Judåon et al, 1978) and Kangaroo Island residents (Judson et al,

groups are d age range to the 2002 sample' When the

data of all sample size of the study was 834 (444 M'
390 F), wi I7-7I years. Collection of blood samples

from ARCBS was similar to that for the 2002 survey'

Laboratory procedures

2002 Survey
Samples were stored at 4oC 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 piqetted into 5ml sarstedt polypropylene tubes' The

remaining samples were stoìed at -2d0C prior to digestion and analysis. The blood and

plasma sãmptes (2ml) were digested with a nitnclperchloric acid mixture and diluted to

25m1 with Millie *utq to giie a final acid concentration of 5o/o perchloric acid' For

analysis of Se Uy fryAriAe inductively coupled plasma optical emission spectrometry

ltCnOES;, all Se mist be in the Se (+4) state. To effect this conversion the digest

solutions (aml) were diluted with 1ml concentrated perchloric acid and 5 ml concentrated

hydrochloic acid, heated at 90oC for 30 minutes, then the Se (+4) in the solutions was

reacted with sodium borohydride to convert it to hydrogen selenide (HzSe) which was

IPOES technique. The Method Reporting Limits
using the hydride technique were calculated as

.ug.ttt blanks multiplied by the overall sample

adãition 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 tCpOES for nine mineral nutrients: iron, coppef, zírtc'

.álrirr-, 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 l9l7 and 1979 surveys, and Koh & Benson (1933) for the 1987

and 1988 surveys), whereas the 2oo2 samples were-analysed by ICPOES' To test the

by different methods, 30 of the plasma

tralian Research and Development Ilrstitute

Se content.

Statistical analYses

Statistical analyses were conducted in two stages

using all of the Se data from 1977-2002 anda 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 tirne) 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 asympiotically as chi-square). All analyses were performed in S-

PLUS 2OOO.

using the sub-samples of 7) and plasma (n:90), the data were

examined for possible ass Se and each of the 9 other mineral

nutrients. The method of multiple linear regression using backward

elimination. The maximal all nine explanatory variables' which were

then eliminated one by one using an F-test, until the contribution of every explanatory

variable in the -odeí was signifi cant at 5Yo. 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.

a

o

Results

ons of a samPle of
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vels. Most Se values
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Fig. 1. Distribution of plasma selenium concentrations: Adelaide survey'2002
Njzsg (149 males, 13ô females). Age: mean 49 years (SD 11) (males 52, remales 46),

range 17-71. Plasma Se: mean I03 p'!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 (¡lgll) in South Australian residents, 1977'2002

Sample
parameter

Collection
date

Description
N
Males
Females
Age mean
Age range
Whole
blood Se
SD
Range
Plasma Se
SD
Range

1 ,

Survey Number

345
Feb
r979

K Is2
30
20
10
37
18-59

Oct
1987

Oct
1987

Mt Ga3
103
59
44
4t
20-46

tzr
20
82-205
96
t4
62-156

July
1988

6
June
2002

Dec
t977

Adell
IT7
70
47
32
l7-64

Adel
96
47
49
42
22-62

Adel
200
100
100
39
19-64

Adel
288
749
1,39
49
t7-71

t52
27
Ir5-212
1224
2f
92-7704

r43
I7
1 19-186
lr44
r44
g5-1494

t23
20
84-2lr
98
15
74-183

r22
18
85-212
9l
12
5l-122

t25s
20
100-160
103
11
66-140

5
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1977-2002: mean age: 42 years; mean whole blood Se: 128 ¡t'gll; mean plasma Se: 102

þgll' I r^-ô\ Tr--iliJito,r of Medical & Veterinary Science employees (Judson et al, 1978). The remaining

Adelaide samples (designated "Adel") were Red Cross blood donors'
ãResidents ofkangaroJlsland, 70km S of Adelaide (Judson et aI,7982)'
,Red Cross blood ãonorr at Mount Gambier, 400 km S of Adelaide.
aEstimated values (based on 80% of whole blood Se concentration).
tN:28.
Whole-blood and plasma Se concentration means were similar for males and females

within samples. For example: Survey 1 whole blood (M 155 I'Lgll, 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.

BloodSelevelsinSouthAustralianpopulationsamples:1977.2002

160

150

140

3 130
o
f; tzo
0
fi tto

100

90

80
1975 1980 198s 1990

Year

199s 2000 2005

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, 1937) have been combined.

Whole blood
The Survey effect was signifi cant at the 5o/o level, indicating that the variatrgn between

. Variance component : 184, which is 31o/o

the BLUPs, Survey t has the highest above-
are below average,
Mean whole blood
1, while for 3-6

(1987/1983 12002) it is I22, a decrease of 20o/o (see Figure 2 above)' The age: gender

àxed effect (p:0.12), the gender effect (P:0.67) and the age effect (P:0'08) were not

significant at the 5o/olevel.

+Whole Blood Se

+-Plasma Se

Plasma
The final model found the Survey effect to be significant (variance component : 20'80,

which is I4.27"/o 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 highei plasma Se levels than average, and Survey 5 has lower than

uu"rug" plasma Se, riith Sìrvey 4 close to the avetage. Note that Surveys l&2 wete

e*clrrãed from this plasma Se anâlysis as they included whole blood data only'

The age:gender fixed effectwas not significant aJthe 5o/olevel (P:0'08)' The age effect

was significant at the 5Yo level (P:g.óOa; anO has an estimated slope of 0'095' This

indicates that plasma Se levcls rise as a

significant at the 5o/o level (P:0.01). The
males: when age is equal to zero, the avetag
and 929 on average for males. The slopes
0.095 (as two distinct parallel lines).

When Survey 6 (Adelaid e, 2002) data arc age-stratified (see Table 2 below), a trend

toward lowei plasma Se is suggested in the youngest and oldest individuals' However,

gteater numbers of people orrd.t 26 and over 69 years are required for this to achieve

significance.

Table 2. Plasma selenium in Adelaide2002 sample
stratified for age

Age range Mean age N
(vears I (vears

Mean plasma
Se løell))

t7-25
26-69
70-7r

2r.4
49.9
70.3

T4
270
4

95
104
93

3. Btood 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 - Adelaide2002

Nutrient Concentration (mg/l)
Whole blood
Mean

Plasma
Mean

Fe
Cu
Zn
Ca
Mg
Na
K1
P
S

Se

480
0.95
6.r
59
34
2029
t707
351
t567
0.130

2.8
r.2
r.2
99
2l
2987
866
1,32
1171
0.104

360-s90
0.72-1..1
4.9-7.4
49-68
28-40
1770-2200
r410-1990
3 10-390
74t0-1730
0.098-0.160

t.3-7.3
0.49-2.8
0.92-r.6
91-108
t7-26
2700-3300
600-13s0
t}l-1,73
1050-1360
0.085-0.129

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

7
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Sulphur was the only variable to significantl (P<0'001)' A one-

unii change in S was associated with a 0'1 blood Se' The R-

square rrulo. for this regression equals 0'35, wh 5o/o of the variation

in Se concentrations is- associateã 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

r Ca was associated with a 0.743 ¡t'gll change

a a one-unit change in P was

3 other terms are constant)' The

0 t, likelY due to large variabilitY

in the dataset.

Discussion

Global context

Data from surveys of healtþ population samples were taken from the following
re Australian data relate to selected representative

gl Benemariya et a|' 1993; Burk et al, |992; Imai et

aI et al' 2000; Robinson et al' 1997; Ter:rier 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 Australiai data in a global context of eight selected countries with both

higher and lower plasma Se concentrations

The mean plasma Se concentration of 103 ¡tgllfor the sample of Adelaide blood donors in

2002 is well of 70, the estimated global mean of 78' and

the mean (92 published studies. However, it is just above

the estimat" 
-g97) 

as necessary for optimal expression of
glutathione peroxidase , and3gYo (111/2SS) of the sample were below this level'

Combs (2001) estimates the number of Se-d ¡ficient people in the world to be in the range

of S0O-ì,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
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oxidative stress. Low Se intakes in much of Afüca 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, toeriails or hair, or by the áctivity of the selenoenzyrne gltrtafhione 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 óould be expected to háve lowei Se status. For example, studies have shown that

third{rimester pregnant women may be 25-30% lower in Se than controls (Golubkina &
Alfthan, t999; Reyes et al, 2000; Tan et a.^,2007). It also appears that plasma Se and

plasma-and erythrôcye glutathione peroxidase activity vary during the menstrual cycle,

with peats coincidin! *it-h thut 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 put.. et al, 2002; Kafai & Ganji, 2003; Kocyigit eI al, 200I;
Luty-Frackiewicz et a\ ùOOZ; Robberecht & Deelstra, 1994). A German study found

senrm Se of smokers ÇZO "ígutettes/day) 
to be 35olo 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 (9J ¡t"gll}y'Iv 91 F when age effect reduced to zeto),

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

àt, zooo; Morisi .t ul, rgsq). the difference in the current survey is likely to be due to

differences in dietary composition and total intake'

Age effect
piásma 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 rul:.ge

ZO-øS 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).

ow 2002 Adelaide survey found the 17-25 year olds (n:14) to have plasma Se

26-69 year olds, but this was non-significant
generally have lower plasma Se levels than
aL,2002; Bates et a|,2002b; Morisi et al,

1989), and infants are atparticular risk for Se deficiency (Daniels et al, 2000; Muntau et

al,2óO¿¡,which has potentially serious medical implications. A German study of healthy

children found infants aged,I-4 months to be the highest-risk group for Se status: median

serum Se declined frori 50 ¡t"gl\ in the newboms (<1 montþ to 34 in the 1-4 month

9



infants, before rising to 48 in the 4-12 month infants (Muntau et al,2o02). 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 ¡t"gl\ (sD 14) respectively, with females higher than males. From these initially low
levelÀ they may have declined further by 4 months of age'

An Italian study found low serum Se values for people over 60 years, especially males

(Morisi et al, 1-989), and a British sttrcly of people over 65 years found that piasma Se

decreased with age'(eut", et al,2002a).- Our2002 survey found no decrease at the older

end of the range,.r.tilt ZO years was reached. Only 4 individuals were aged 70 or ll and

they averag"d OZ ¡t"gll, around l0 ¡tgll less than the 26-69 year group' Campbell et al

(1939) sug-gest 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 20yo may harré óccuned 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 seasonalily may ñurrJittfln.nced Se status: samples 1' & 2 were obtained in

.rr-,..rr, 3-5 in spring á"¿ O-S in winter. The summer-collected samples (1977 &.1979)
were higher in Sì th-an the rest. A British survey found a seasonal effect as follows:

spring/simm er (73 ¡t"gll mean piasma Se)>winter (69)>autumn (66) (Bates et al' 2002a)'

whilJ a Spanish .t"¿"V found spring/autumn>summer>winter (Garcia et al, 1999). An

earlier Australian study found nã seàsonal differences for Se (McGlashan et al, 1996)' If
samples I &,2 had higher Se levels due to surnmer 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 ttre importation of Australian wheat. A targeted survey of wheat
conducted by our group has found grain Se

most in the range 50-200 and a grand mean
ugh this was not a systematic survey of the
lower than those presented for the 1981

season, which found large differences bet een regions and an overall median Se

concentration of I70 ¡tglkg(range 47-316) (Babidge, 1990). If there was areal 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

s"þù"Ð 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'
Ll Þrevention of Cancer (NPC) trial in the US

the protective effect of Se against
52, 95Yo CI: 0'33-0.82) and middle
those PeoPle with Plasma Se levels
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below I21 ¡tll (Ra¡nnan & Clark, 2000), and the latest analysis shows thaf .t!re 
Se benefrt

was largely iestricied to male smokers with baseline Se levels below I1'3 ¡t"gll' The

strongei protective effect was against prostate cancer, with a hazatd ratio of 0'48 (95%

CI: 0. 2 8 -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 a.^,1995; Vógt et al,2003; Yoshizawa et al, 1998)' Brooks et al (2001)'

for example, in a nested case-óontrol study in the US, fotln<lmen with baseline plasma Se

in the range g2-IO7 ¡t gll tohave nearly u i -totlincreased risk of prostate cancer compared

with men in the second quartile (range 108-118 ¡t"gll)'

Although there is a risk in generalising results of individual epidemiological and

intervention studies, the results óf tn. WpCt¡at 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 ihut of Australia, with an estimated mean plasma Se

concentration of 93 ¡tgll) would be in the responsive range for protection by Se against

prostate cancer.

Evidence from the NPC trial and othe ts that a plasma Se concentration of
around I20 ¡t"!l provides maximum nst a range of cancers' The NPC

participants tra¿ a natural dietary Se intake of 90 ¡t'glday (clark et al, 1996); thus

with the addition of a 200 ¡^r.g supplement the treatment group would have received around

290 ¡.tglday. combs (2001) suggests that a Se intake of 200-300 þelday may be required

to siffincántly decreàse "un".i 
risk, which compares with a current estimated Australian

adult intake of around 75 ¡tglday. It 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 ¡lg Se/day and 50 mg vitaminElday may reduce prostate

cancer risk, especiaiiy in cunent or previous smokers. The iatest NPC trial findings

indicate that males may have a higher 3e requirement than females, who apparently gained

no cancer protection Áom Se in tfris trial (buffield-Lillico et aL,2002). A gender effect

has bee s on cattle,with steers more susceptible than

heifers e, it is possible that further studies - which

include s - may find optimal adult human Se intakes

in the range 125-280 t-tglday,with means of around 130 (F) and 230 (M).

Se status can be raised by increased consumption of Btazil nuts (the most concentrated

food so ' and meat (Reilly' 1996)' It should be noted'

howeve is highly variable (0'03-512 mglkg' a

17,000- are grown in South America (Chang et al'

1995). and half of their Se from wheat products

@arrett et al, 1989). Careful supplementation (using, for example' high-Se yeast) is an

èffective 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). Grc

supplementation include male smokers, pre
are smokers with low socioeconomic st

Morisi et al, 1989), infants under 8 mo
cancer sufferers and those at high risk
conditions generally , sufferers of serious viral infections (including HIV, hepatitis B and
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hepatitis c) (clark et aI, 1996; Combs, 2007; Rayrnan, 2002), and the frail elderly

(Campbell et al, 1989).

Se is a micronutrient, required only in small amounts, with a relatively naffow therapeutic

index. Documented-casås 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 ¡.tgladultlday to

be conservativc. Under normal conãitions, a Se intake of less than 1.000 ¡'tglday (or 15

cause
people
at this I

l9g7). However, it would be prudent to limi
trre úS reference dose of 350 iglduv 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

healtþ sample. The Adelaide copper and zinc levels were similar to those found in

adolescents in Sweden (Barany et aI,-2002¡ and blood donors in czechoslovakia (Benes et

al, 2000), and t5o/o and 23o/o higher in copper and zinc, respectively than a sample of
healthy Sydney volunteers, ug"ã ZZ-+S yãars (Lux & Naidoo, 1995)' A correlation

between two trace elements in blood inditates 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. g;es 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'

sphorusSmawerefoundtobeweaklyassociatedwith
s suppo alcium is the most

bodY. Plasma calcium is

present in ionised (60%) and non-iónised for calcium complexed

with lactate, bicaÀonate, citrate, phosphate or sulphate ate readily diffusable' whereas

protein-bound calcium e:5%) is noi. Plãsma calcium is maintained at a relatively constant

level of around 100 mg/l (Root & Harrison, 7976). 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, àtU.lt not strongly. Th , 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 måthionine and as disulphide bonds in polypeptide chains'

In healtþ individuals plasma se up to a concentration of around 80 ¡'tgll is mostly in the

form of selenoprotein þ, with glutathione peroxidase making up the balancg' Above this

level, nearly allplasma Se is in the form of selenomethionine (Burk et a1,2002)'

t2



Conclusion

of the south Australian population sampled from 1977 to 2002

ears, range 17-7l years), whole blood and plasma Se concentrations

ed globai mean. Ho*.rr"r, 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 lge, andmales had.higher plasma Se levels. Levels

of other mineral nutrients in whole bl,ood and plasma in the 2002 sample of Adelaide

blood donors were satisfactory. Se was weakly aisociated with calcium and phosphorus in
plasma, and with sulphur in whole blood.

The mean plasma Se concentration of 103 ¡t"gll found in our most recent survey of healthy'ui 
ttt" estimated requirement for maximising

sub-gtoups of the South Australian population
urveyed in this study, which could be expected
Se. In the case ofprostate cancer' these data,

when considered together with the findings of several studies discussed above, suggest

that a majority of Arlstralian 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 Btazil nuts' wheat products, fish and meat;

biofortification (fór example, by applying Se to growing wheat crops); careful

supplementation, and cessation of smoking.
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Bioþrtification of staple food crops with micronutrients by either breeding for higher
uptake fficiency 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 targeîed for bioþrtification of staple crops with
Zn, Fe and vitamin A, and inclusion of Se and I vvould 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 SeZn interaction is
selenoenlyme regulation of Zn delivery from metallothionein to Zn enzymes. More
research is needed to determine whether sfficient genetic variability exists within staple
crops to enable selection for Se and I uptake fficiency. In addition, bioavailability trials
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Introduction

Micronutrient deficiency is widespread. More than2 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
ìn"í"u." ttre riÁt of severe disease in around 4OVo of the world's population.' S", 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.2'3

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
impacts.a's

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) densil-y in wheat valieties growll together have been
demonstrated. Exploiting the genetic variability in crop plants for micronutrient density
may be an effectivô method to improve the nutrition of entire human populations.l

Fertilization (by addition to soil, seed or leaves) to improve micronutrient concentration in
crops (agronomic biofortification) can be an effective alternative6 for micronutrients like
Se and I, that are relatively mobile in plants and for which substantial. genetic variation in
uptake efficiency in stapie crops has not yet been demonstrated.T-10 'Wheat grain Se
concentration, for example, can be increased inexpensively more than 100-fold on a Se-
deficient soil by soil amendment.l0'll

Crops biofortified with Fe, Zn and pro-vitamin A carotenoids are proposed for Southeast
Asia and Africa in the HarvestPlu.s program.t' 'W" 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 2O7o of the world's population,l3''o 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. rs

Moreover, low dietary micronutrient intakes are not confined to developing nations. The
food systems of developed countries also often fail to provide optimum nutrition. For
example, New Zealand'i low Se supply impacts on high-risk groups like the aged,16 and a

recent Australian study found that -16%o of schoolchildren surveyed in_Melbourne had
below-normal I status, with2lVo suffering moderate to severe deficiency.lT

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 betweenZn, 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.ls It has been suggested that
around 100 selenoproteins may exist in mammalian systems.tn As a key component of the
iodothyronine deiodinase enzymes, Se has an important role in the thyroid, and hence also
in hepatic enzyme expression and neutrophil function.'o Th" 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.2l Another group of selenoenzymes, the thioredoxin reductases, are
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involved in the reduction of nucleotides in DNA synthesis, the regeneration of antioxidant
systems, and the maintenance of cellular redox state.22

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 polymórphonuclea¡ leucocyte activity.23-zt S" tupplementation 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'2s

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 conditionr."''u Se's anti-viral activity is of
particular interest, given the high global prevalence of severe viral infections, including
ÈfVlnnS, influenza, hepatitis B and hepatitis C. In a Se-deficient host the benign

coxsackie virus becomes cardiomyopathic, influenza viruses cause more serious lung
pathology,2? and HIV infection progresses more rapidly to AIDS." It hut been suggested

itrut S.i"tciency, 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.2e

Available Se concentration in soil is highly variable, and low-Se soils are common in New
Znaland, 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. l3

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. Selenorneihionine is a desirable, highly bioavãilable Se form for humans.rl

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
retardãtion, hearing impairment, lassitude and cretinism are common; indeed, I deficiency
is the world's most prevalent cause of brain_dar-nage. Pregnant women and infants are at

particular risk of I deficiency diseases (DD).to'''

In areas of high rainfall and ancient soils I has usually been leached to low levels.

Mountainous règions of Asia (including much of China) and the food production flood
plains of Nepal, India, Bangladesh, Myanmar, Papua New Guinea, the Philippines and

þarts of Indonesia are regioni where I deficiency is èndemic.3' It is estimated that over 1'5

ùittion people are at risk of DD.3o

Developed countries are also affected by I deficiency. A German stu{y found that2}To of
pregnant women surveyed in Berlin weie suffering irom I deficiency,33 and recent surveys

in Ãustralia have provided evidence of I deficiency. A study in Sydney found 2O7o of
pregnant women attending an obstetric clinic and 347o of people attending a diabetes

clinic had moderate to severe I deficiency.to A Melbourne survey of schoolchildren (n =
577, years 5-12 at two private schools) found that767o of children had I status below
normal. Girls had a mean urinary I concentration of 64 ¡t"g/\, and boys had a mean urinary
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I concentration of 82 ¡t,gll (>100 normal; 50-99 mild defîciency; <50 moderate-severe
deficiency).r7

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 I deficiency among
go^u".nrn"nt officials, unã ditt.ibution has been disrupted by *at."

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 I content of all irrigated crops and foodstuffs which
substantially increased the I status of livestock and people for aJ least 2 years' Infant
mortality declined by 50Vo and IDD were largely eliminated.e 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
hai the highest Se and I concentrations of all organs.36 Th" 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
tlmaintain plasma and organ thyroid hormone homeostasis'20

Goitre is not necessarily due to I deficiency alone, as shown by nodular goitre, which is
relatively common in I-replete populationr." S" 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.38

In Turkey, I-deficient goitrous children had lower blood Se levels and higher DNA base

lesions than non-goitrous controls.3e 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 I excess, the antioxidative Se-dependent glutathione peroxidases protect the
thyroid gland from oxidative damage due to excessive iodide e*posur".o'

Severe deficiency of both I and Se occurs in parts of central Africals 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.dwarfltsm, is
prevalent. Sê, I and vitamin E deficiencies appear to bã predisposing factors.aa-a6

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 metabolis Ín,t 5'43'41
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Selenium interactions with Zinc and Iron

Evidence is accumulating for important interactions of Se withZn and Fe' Animal studies

have shown that Zn cin increase Se concentration in various organs, including brain,

spleen, kidney, liver, lung and heart,a8 and Se can increaseZnconcentration in liver, small

intestine, blood, kidney, 
"spleen, 

brain and lung.a8'ae Converseþ, Se deficiency was found

to increase Zn concentration in heart and kidney in a rat model.s0

Se/Zn interaction involves a link between cellular Zn and redox sl-ate. 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'5l

Moieover, 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

Ë;;il;;ltih;;;"";xpression of which can be upregulated bv zn'53

An intriguing role for Se in regulating, or normalizing, the levels of other mineral nutrients

at key ,it". in the body has bien suggested by several studies. A clinical trial in Serbia

incluâed 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 increar"J 
"on""ntrations 

of Zn, Fe and Cu- in erythrocytes, while Mn
concentration declined in both plasma and erythrocytes.sa Furthermore, interaction

between Se and Fe was uppu."ni in a trial with Schistosoma-infected mice, in which

supplemented Se lowered ãbnormally high liver Fe concentration's5 In addition, in rat

models Se deficiency increased Fe concentration in the kidney, heart and liver,sO and Fe

deficiency decreased Se concentrations and glutathione peroxidase activity in erythrocytes

and liveri6 Lower serum Se levels were observed in children with Fe-deficiency anemia,

but Se was norm alized after Fe supplementation.5T 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 supplententation'

fortification and biofortification programs.

Iodine interactions with Iron, Zinc, and Vitamin A

Evidence also exists for I interactions with Zn, Fe and vitamin A' I, Se, Zn and Fe are

essential for normal thyroid hormone metabolism. Fe deficiency inhibits thyroid hormone

synthesis by reducing ttr" activity of heme-dependent thyroid peroxidase, while Fe

deficiencv anaemia .édu""., and Fe supplementation enhances, the effectiveness of I
supplementation.a3

Several studies have suggested that Zn is necessary for normal thyroid function. A study

in Turkey found that cóncurrent 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, erythrocle Znwas correlated with T3lT4 ratio and

1.sft;tn in a rat -ó¿.t serum T3 was lower in Zn-deficient animals, and Zn deficiency

appeared to induce apoptosis in thyroid cells.60 Zn is involved in the binding of T3 to its

^r.l"u, receptor.6l ù-"ou"r, Zn and Se tend to be lower in thyroid cancer cells than in

normal thyróid cells.62

As noted above, the pathogenesis of goitre is generally multifactorial. On the Croatian

island of Krk, goitre pìevalãnce of 307o was found in a sample of l,9l5 schoolchildren. It
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lvas associated with low plasma levels of vitamins A and E and low I intake.63 Vitamin A
may stimulate the sodium/iodide symporter (NIS). For example, decreased uptake of
iod-ide 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
derivatives) stimulate ÑIS -RNR expression and iodide uptake in human thyroid cancer

cells.6a

Conclusion

Se and I 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 interactiõns 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

."gìlut" 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 anJ grain loading efficiency of both Se and I. Further bioavailability studies

*" ui.o 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
ãrr"r.ing 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 5-120

*, Or-i Ort'much of this variation was associated with spatial variation in soil selenium'

ftris stuOy detected no significant genotypic variation in grain Se density among modern

commercial bread or durum wheat, tritiôale or barley varieties. However, the diploid

wheat, Aegilops tauschii and rye were 427o and 35Vo higher, respectively, in grain Se

concentration than other cereals in separate field trials, and, in a hydroponic trial, rye was

40vo h\gher- 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

veryìniform 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 aestivumL')

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 *¿ uni-âts (Arthur, lggg). Soils are frequently low in available

Se, and hence the foo ountries are deficient in Se (Combs' 2001; Lyons

et al, 2003; Rayman, important dietary source of Se' For example' in

Australia it is estima half the Se intake of most people (Banett et al'

1989; Lyons et a centration in wheat grain is highly variable'

Published values n south-west Western Australia (White et al'

1981) ro 30 mg south Dakota (university of california'
1988), while mos in the range 0.02-0'60 mg kg-r (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 aluminiurrr(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,

fqgq). In acidic, poorly aerated ioils, Se occurs mainly as insoluble selenides and

elemental Se. In lateritic soils high in Fe, se binds strongly to Fe to form poorly soluble

ferric hydroxide-selenite complexes (Cary & Allaway, t969)'

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, Ihey tend to be expensive, require ongoing inputs and often fail to
reach all individuals at risk. Furthermoie, such programs themselves are at risk from

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

Fertilisation of food crops with selenãte 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 ediblá portion oittr" ptant (è.g. grain) (genetic biofortif,rcation) 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-fbld variation was found between the lowest and highest grain Fe and Zn

concentrations among wheat accessions studied at CIMMYT, and the highest

concentrations were ãouble those of popular modern varieties (Graham et al' 2001)'

Moreover, wild, small-seeded relatives of modern bread wheats have been found with
5OVo 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 efftc\ency in modern wheat cultivars (Cakmak et al, I999a)'

It could be argued that plants may be expected to show more genotypic variability for

plant-essential micronutrients than for u nón-"r."ntial element like Se. However, studies

have demonstrated significant genetic variability in the edible parts of soy (Yang et al,

2OO3: Zhang et al, 2oo3), tomatoes (Pezzarossa et al, 1999)' radishes (Lyons et al,

unpublishedl 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 nilher concentrations of Se, Zn, lithium (Li), magnesium (Mg) and

phosphorus (p) in hulled wheat (Triticum spelta L. and Triticum dicoccum Schrank) grown

iog"ttr.. with modern bread wheats (Triticum aestivum L.) (Piergiovanni et aI, I99l), and

a Russian study suggested that commercial wheat cultivars may vary in their ability to

accumulate Se (seÃ-gina 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

2



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 (27\ 109'W, 40 m above sea level). Ttre soils at the research station are

coarse sandy clay textured with predominantly montmorillonitic clay, and classihed as

Typic Calcicorthid. Surface pH (HzO) is 8.3.

The survey was planred 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,

I99'l ondry soil and inigated 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

ptots. There were no replications. Weeds were controlled with Tgnik and Brominal- The
trial was fertilised wittr tOO kg N ha-r as urea and 46 kg ha-l of phosphate as triple
superphosphate at planting. Aã additional lO0 kg N ha-r as urea was applied in early

lanuary. ih" 
"*p"iimental 

area received four additional irrigations during the crop cycle.

Many ôt ttr" 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

,rr"u.rrrãã. One hundred wheat cultivars were selected to provide a diverse range of
genotypes. They included bread wheat landraces from Mexico and han' various cultivars

iro¡1 tndiu, 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 1991-1998

multiplication triai 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

propl1. identificationãf the entries, the cultivar Genaro 81 was planted in every sixth plot,

Lut- 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,

èignt temate lines, three male lines and five checks. The trial was planted in November

19-99 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 tn" fiial (apart from assessment of Se concentration) was to identify males and

females 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

¿iioccum (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. tauschij lines that had been screened from a larger population of Ae- tauschii

i", trign i" und Zn were planted along the bed from entry 1 to 17. In the adjacent bed' 17

different T. dicoccurø linìs, that had also been screened from a larger population of Z'

dicoccum for high Fe and zn, wete planted along the bed from entry 1 to 17, and in the

next bed the cross of Ae. tauschii x T. dicoccum weÍe 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 ,u.npi" 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 irown ut siiès near Tamworth from 1971 to 1998' The sites were

charãcterised by three main soil types: loam/sandy loam, surface pH (Hz0) 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

designeJ to be comprehensive, but rather to provide an indication of the range and

comionly 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, Fiame, 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 No-rth¡, 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

.ungì of soil types, was also included. These sites included Piednippie, Kingscote

(KÃgaroo Island), Minnipa, callington, Lock, Keith, Paskeville, Mintaro and Turretfield'

A total of 22 sites were samPled.

W7g84 x Opata 85 recombinant inbred lines znalysis
This popuiation, also known as the International Triticeae Mapping lnitiative (ITMI)

Vfappìng population or the Synthetic x Opata cross has been comprehensively mapped' Its

114 recombinant inbred lines were derivìd by single-seed descent (F3) from the cross of
the synrhetic hexaploid \ /7984 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 *u, u pilot..rru"y,3l single (unreplicated) samples of the 114 lines grown were

randomly selected for analYsis.

Sunco x Tasman doubled haploid population analysis
This cross was chosen beciuse 1) we had found (in the South Australian survey, above)

that the Tasman pa.rent was higher in grain Se concentration at the three sites where it had
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been grown together with Sunco; 2) tlte 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 parenis and a selection of the Fr-derived doubled haploid (DH)

homozygou. p.og"ny had been grown together at the University of Adelaide's

Rosewôrthy Cãmpus in 2000, a site with a medium mean soil available Se level' The 180

DH lines grown at Roseworthy were produced at the I-eslie 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 ncxt tlial.

Chartick vvheat variety trial200l
A trial that investigaied the effect of varying levels of applied sulphur (S) and nitrogen

(N), as well as wne-at variety (using three bread wheat varieties and two durum varieties),

on grain Se concentration was òonducted at the University of Adelaide's Charlick

expJrimental farm in 2001 and is described elsewhere (Lyons et al,2OO4a). The varieties

inóluded 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 (sRROl) S-4 trials in 2001 was analysed for Se and other nutrients' The

four sitãs, which were selected for diversity of location and soil type, were Piednippie, Far
'west coast, calcareous sandy loam, surface pH (Hz0) 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

*"r" g.o*n 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' ln
order to reduce variaúility in soil available Se concentration in this trial, the soil was

obtained from an area of just 3 m2 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 2I cmdiameter). Five hundred grams of deionised water was added to each pot to

achieve a l4To soil moisture content. The wht at varieties used included those identified in

the landrace survey as being potentially high (Poland 4 and Portugal 153) and low

(Navarre 46) Se acðumulators; 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 ur U"ìng higher in Se than the other cereals; and, for further

comparison, a durum wheat (var Tãmaroi) and the parents of 2 other wheat DH

populations, Seri 8Z/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

ã iotr (duplicates) per vàriety, giving a total of 26 pots. The pots were placed randomly

oo a bencñ in a glaìshouse, and watered (de-ionised water, by weight) and re-positioned
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randomly 3 times weekly. The trial was conducted in winter, an^d mean day temperatures

were in the range l5-2ioc, and mean night temperatures 5-100C, 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 700C for 48 hours and analysed for Se and

other mineral nutrients.

Phytotron hydroponic Pot assaY

In order to minimise the bactground variation in available Se, a hydroponic trial was

conducted. Ttre trial conpared ihe highcst (Poland 4) and lowest (Navarre 46) lanclraces

identified in the earlier ,,ì*"y, along with rye. In view of the apparent difference in Se

concentration between dark ànd üght seed from the same rye sample (see Results: SA

cereal trials 2001below), the two were studied separately in this trial'

Seeds were pre-germinated as above, then transferred to Z-litre black plastic pots

containing uá.ut"ã g.25-strength Hoagland's solution plus 1.0 ¡rM sodium selenate

(equivalent to 80 ¡rg I' Se;. Two plants were grown per cup, with two cups per pot

òomprising a replica-te for each variety/type, making a total of 16 plants per pot. There

*"." fouriephcãtes (pots). The trial was condu^cted in a phytotron, with light intensity (at

the pot surfãce) of O:O ¡rmol quanta PAR m-2 s dium

Sonii Agro fluorescent'lamps; day-length 14 night

temperatîre 15.50C; mean relàtive humidity 607o' three

timËs 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

uuii"tyltype per pot were bìlked, dried at 700C for 48 hours and analysed for Se and other

mineral nutrients.

Chemical analysis

re analysed for Se concentration at Cornell
spectrophotometry. Grain samples from the
niversity of Adelaide surveys and freld trials

and leaf samples from the pot assays, were analysed for Se using hydride-inductively

coupled plasma optical emisiion spectrometry (ICP-OES), based on the method of Tracy

& Mollei (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 ar the Univãrsity 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 concentration for durum wheat flour was 1'22

¡Stj"ogt -t ott' 1.23 ISD 0.09] mg kg-r), and for peach leaves

the measured Se s D 0'007) mg kg I (certihed concentration 0'12

tSD 0.0091 ms kg r).

Statistical analysis

Analyses of variance were conducted using Genstat 6'h Edition (Lawes Agricultural Trust,

Rothamsted Experimental Station, UK).
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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, therã 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 muttiplication trial that covered a larger area than Trial 1,

hence the greater .ung" in Se concentration) artd the same lincs grown at the same site in

the following year.

Table 1. CIMMyT Survey and Trial l. Comparison of grain Se concentration (¡rg kg-t)

in 100 wheat varieties gtó*n together (Survey, unreplicated) and the same varieties

grown together at the same site in the following year (Trial, two replications)

Mean (SE) Range r
Survey
Trial repl 1

Trial repl2

s6 (4)
4s (2)
46 (2)

9-244
10-1 10
10-130

oo.l4
bo.62

'0.02
å0.38

o Comparison of the survey with the mean of the two field trial replicates
b Comparison of the field trial replicates

None of the 100 varieties tested stood out as being consistently high or low in grain Se

ate l, for examPle (Mexican varietY
26'h highest (56 pg kg t¡ in replicate 2,

hest Se wheat in replicate 2 (DG 095'l'24)
r) in replicate 2, anâ 55th 143 pg kg-t) in the

survey. There was also a large background variation in Se concentration in the f,reld trial

(13-f;ld) 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 (a11 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 l,
for example, was in the top eight in replicate 2. Again, no varieties/crosses differed

significantly in grain Se conõentration. Se concentration was not reduced by higher yield,

i.e. there was no dilution effect. Indeed,
positively correlated in this trial (r = O'25

ò.ooz * yi"to (kg hat) + 35.5). For exa
two entries of one genotype) had a mean yi
entries (all different genotypes) had a mean
determined from three replicates for the who

Table2. CIMMYT Trial 2. Comparison of grain Se concentration (pg t<g-t; in +0

different wheat lines and hybrids grown together in a field trial. Two replications

Mean
Repl 1 14 (2) 40-110

rR2

Repl2 80 (3) 31-120

7

t'Comparison of the replicates

o0.10



The third CIMMYT field trial compared grain Se concentrations between two ancrent

wheats, Triticum dicocc and their cross, was conducted at a site with
a higher available soil n the two previous trials, and included 11

different entries of each revealed that Ae tauschii (mean 1,79 ¡rg kg t)

was higher in grain Se concentration than either T dicoccum (135 ¡rg kg r¡ or the Z
dicoccum/A tauschii cross (1 ll ltg t g t) (p < 0.001). The grand mean was 144 pg kg 1

(SD 47), and the range of values was 83-290 pg kg-': see Table 3. The same pattern was

àpp."nt 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
, -l

ug Kg
Se range

, -lug Kg
SFe
mg kg-r mg kg-l mg kg-l kg-

Zn Mn
mg

Ae tauschü
T dicoccum
T dic/Ae tau

lto-290
8l-240
83-190

t79
135
ttl

1l
42
45

2641
2300
22t8

68
42
43

83
50
55

The Aegilop.r genus has been found previously to have higher grain mineral density (Balint

et l, ZóOtj, und ou. 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 accesslons are

summarised in Table 4.

Table 4. Grain Se concentration in wheat landrace accessrons grown on

different soil types near Tamworth, New South 'Wales from 1971 to 1998

by The Australian Winter Cereals Collection, Tamworth

Soil typeo Year SamPle Grain Se concentration
ug kgrSlZE

1 27
9
7

13
5

10
8

10
8

5
6
5

2

Mean (SE) Range
1971
1980
1993
r996
1913
t995
t997
1998
1976
t9t7
r918
1984

Soil types: 1: loam/sandy loam, surface pH (HzO) 6.5-'7 .5; 2: black cracking

2s6 (21)
224 (23)
233 (ee)
302 (30)
71 (3s)
'77 (r8)

r28 (36)
80 (1e)
47 (2)
20 (s)
34 (3)

6 l-5 10
170-310
t20-430
140-490
32-140
2r-t60
44-270
35-210
4l-52
l5-29
23-44
18-22

J

20
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Grand mean: 164 ¡tgtg 
t 

1Sn 15); range: 15-510 pg kg-t' This is a 34-fold variation' and

compares with the ãn íung. of 22-60 -g kg t, a three-fold variation. High variability was

evidànt, even within soil 
-typ.lyeat and variety. For example,-fout.tlpp-lî of China 19'

grown at the same site in 1996, varied three-fold, from 160-490 pg kg-" Wheat grown on

i=tre btact< cracking clay with mean pH of 6'3 (soil type 2)

Se concentration (l3-fold). This soil would be expected
. This variabilit
2ll3) and Portugal 153 (5491), were identified
in grain Se concentration across several soil

&. 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 l9l3' and four

grown in 1980 were tested by imbibing 20 seeds of eachn(on f,rlter paper in Petri dishes'

using Milli-Q water, and inóubating fãr 48 hours at 26oC)- There was no corelation

between grain Se concentration and either germination Vo or early roolshoot growth' The

1971 wheats varied in germination from I}-lO}Eo,with most (surprisingly for their age) in

the 90-1ü) Vo range. The 1973 wheats ranged from 20-1007o (with most 1007o), while the

1980 wheats ranged from 95-1OO7o germination. Root/shoot growth declined with

increasing age: 198Þ1g13>lg1l. Of iour;e, 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 wheatlgrowing areas in South Australia in 2000. The survey also included

unreplicated samplei from óther parts of the state, grown from 1999 to 2001' A ßral of 22

sites were ,u-pt"o. As with the landrace survey, a large variation in grain Se

concentration - even within a single vari:ty grown at the same site - was evident'

reflecting the variability of soil avãilable Se over distances of just a few metres' For

als and the Sunco-Tasman population below)

155 ¡rg kg-r 1So 101, SE 15); median: 100 t'g kg', range: 5

sland: var. Janz) - 120 pg kg-r (Minnipa, Upper Eyre Peninsula:

a !44-foldvariation, which compares with a three-fold variation in
n the same sample (range: Il-34 mg kg t)'
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Table 5. Comparison of grain Se concentration in three bread wheat varieties grown at

two field sites in South Áustralia in 2000 (subset of South Australian wheat Se survey)

Site Variety RePlicate
Mean (SE) Ranse

Roseworthy Krichauff

Excalibur

Janz

Bordertown Krichauff

Excalibur

Janz

I
2
J
4
5
1

2
J
I
2
J
1

2
aJ
4
1

2
5
4
5
I
2
-1

110
100

91
35
58
98
97
82

110
97

t20
t20

88
t70
270
t20
110
690
520
520
140
110
115

80 (14) 3s-110

92 (s) 82-98

109 (7) 91-t20

t62(40) 88-270

392 (rt'l) 110-690

r42 (16) 115-170

The survey was not designed to be comprehensive, but rather to provide an indication of
the range and commonl! occurring conìenffations 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, acloss the state inthe 1981 season for wheat and the 1981 and

at study found ranges of 41-316 pg kg-r and 32-216 pg kgt
and I25 pg kg-t for wheat and barley (1981 ,season only)'

. This is wãU i=bou" the median of 100 pg kg' found in the

ough similar to its mean of 155 (SD 101) þg kg-'' A survey

of plasma Se levels in South Australian residents, conducted by our group' indicated that a

decline of around 2O7o in plasma Se concentration occurred in South Australia ftom 1971

to 1987, but there has been no further decrease (Lyons et al,20o4b). This may have been

due partly to a reduction in the Se level in wheat over this decade' The wheat grain Se

concentrations fbund 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,2OO2; Combs, 200I; Lyons et aI,2003)'

W7984 x Opata 85 recombinant inbred lines analysis
The cncentratio n of '7 Pg kg-r (SE 1)' While there

was considered that these Se levels were too low

to al iability, and no further lines were analysed'

Zn c , Na fiom 9-57 mgkg-l' and Mn from 18-54

ãg tgt. Grain Zn and Fe concentrations were strongly correlated (r = 0'8, p = 0'001)'

Oputa 85, which was bred at CIMMYT, is known to be a good average variety for grain
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Zn andFe concentration and can thus be useful as a standard check for these nutrients in
trials.

Sunco-Ta nalYsis
The pare at Roseworthy Agricultural College, t:'llt
Australia Se concentrations' All values are pg kg-':

parents: Sunco: 90; Tasman: 140. DH progeny: range: 26-130 (S-fold), mean 78 (SD 26,

3p S). This was a more promising disiribution than that found for the Opata synthetics,

although none of the progeny had a grain Sc concentration as high as the higher parent'

andllzo of the progeny weie below the lower-Se parent. Progeny lines 96-8-8 (lowest

Se) and 96-S-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 subiei 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. ln view of the superior grain Se density

found in Aegilops tauschii in the CIMMYT trial, a future study of the Opata synthetics

(which are iormed by crossing Ae tauschi, tDDl with durum wheat, Triticum turgidum

¡AABBI var. Altar 84, and then crossing the resultant synthetic hexaploid with the bread

wheat, Triticum aestivum var. OpataS5), but this time growing the lines in solution

containing around 100 ¡,r,g l-l 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 uuri"ty on grain Se concentration was found in this trial. However, the

bread wheats had a highei gruin S concentration than the durum wheats (p = 0.005) (mean

1386 mg kg-' u 1293 mgkg't).

South Australian cereal trials 2001
The analysis of variance of data comparing grain Se concentration of four different cereal

species (tread wheat, triticale, ,y" unà barley) grorwn at four diverse sites (a subset of the

SnnOI ,S-4 trials), and using 4 replicates, showed an interaction between the site and

cereal-type variables (p = 0.0b¡) aJwell as main effects of site (p < 0.001) and cereal (p

=0.03). Rye had a higher grain Se concentration (93 pg kg-t) than triticale (71), wheat

(71) and barley (64). There was no significant difference between the latter three. The

grand mean wâs 75 pg kg-r (SE 7). As with the previous wheat surveys/trials, grain Se

concentration was variablã (Z2-fold; range 9-200 Pg kg-r), while gra\nZn concentration

varied just 2.3-fold (range lz-28 mg kg-'). Rye was higher in grain Zn concentration, but

no different fiom the other cereals in grain S or copper (Cu) concentration. The highest

grain Se content was 707 mg ha-I, recorded for rye grown at the Bute site'

It is known that rye is more Cu- and Zn-efficient than wheat (Graham, 1918; Cakmak et

al, 1999b) and may have higher grain Cu concentration than wheat or triticale (Kozak &
Tarkowski , lglg), 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 3O7o datk-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 pg kg-t (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.

Tableó. Typical soil types of South Australian sites classified by soil available Se statuso

Soil Se status Sites soil

Very low

Low

Medium

High Minnipa,
Lock

Kangaroo Island, Greenpatch, Palmer,
Keith

Sandy loam over ironstone;
pH (Hzo) 5-6

Sandy loam; pH 6.3-7.5

Variable; pH 5.7-8.3

Charlick, PiedniPPie

Roseworthy, Stow, Callington,
Paskeville, Mintaro, Bute, Frances,
Turretfield

Fisher, Nangari, Loxton, Sandy loam/loamY sand; low
Fe, C & S; pH 6-8.6

a As estimated by wheat grain Se concentratron
Table compiled from sanu crop Harvest Report 20o0l2ool; 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 ,rrtu"yt and trials as being possibly high or low

in Se up-take efficiency, as well as rye. Although the soil was carefully mixed to try to

ensure 
^homogeneity, ih"." was still large variation between the duplicate samples' e'g'

Sunco: mean leaf Se concentrati on 124 p; kg t, with a SE of 37. None of the varieties that

were considered to be genetically either nigtt ot 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 plogeny (96-8-446) plus the

.V" *ãr q9 lr.; kg', *íriì" the meañ for the "low Se" variety (Navarre 46) and the lowest

sunco-Tasman DH progeny (96-3-8) was 117 pg kg'. However, there is the possibility

that the genotypes testeá 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 uied in the trial was found to be not associated with leaf Se concentration'

Phytotron hYdroPonic Pot assaY

The results of this tiial, 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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Tabte 7. Comparison of foliar Se and S concentration and foliar Se content in wheat

and rye g,o*n hydroponically for 22 days. Means of four replicates

Variety Yield
(s)"

Se conc.
(mg kg')

Se content S conc S content.
(¡rg plant-rD) (mg kg-t) (mg plant-rb)

Mean (SE)

Poland 4
Navarre 46
Rye (Bevy) - light

- dark

0.1e 21 (r.4) s (0.7)
o.23 2t (r.2) s (0.s)

68so (263)
s82s (37s)
6350 (33s)

1.3 (0.1)
1.3 (0.1)
1.e (0.2)o.2l

0.19
2s (r.2) 7 (0.8)
t9 4 0 5300 15 1.2 0

o Shoot (top) yield Per Plant (DW)
å Shoot only
Mean root yield per plant: 0.06 g (DW)'
LSD (57o level): yield:0.079; se concentration: 3 mg kg-r; Se content: 1'5 pg plantr: s

concentration: 750 mg kg-r: S content: 0'4 mg plant-r'

oots and transport to foliage, but not grain

bile selenate Se form, this trial supports the

when grown from normal, light-
than wheat. The dark-seeded rYe

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 lere highly corelated (r - 0.97, p < 0'01), suggesting that most

of the selenate influx and transport to the oliage was via the main sulphate transporter'

The rye gro\ /n 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 conteni bãtween the latter three. Several sulphate transporters exist in

higher plants, some of which show tissue-specific expression (Hawkesford & Prosser'

2000), and several sulphate transporter g"n"i have been isolated in wheat (P' Buchner'

Rothamsted, UK, persoìal commuiication). 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
(Adams et al,2002). Moreover, enhanced

dentified in hydroponic studies, may be of
low available Se, where most Se is present
(CarY & AllawaY, 1969)' For the same

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 -yi,l low available Se' agronomic

biofortification using iodium selenaté offers an effective alternative strategy to increase

grain Se density, altñough there is minimal residual effect in the soil and thus the selenate

irust be applied annually (Gissel-Nielsen, 1998; Lyons eÍ a1,2003,2004a)'
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Conclusions

wheat germplasm as well as other cereals
pg kg-t. Grain Se concentration of wheat
0 pg kg-t, while South Australian-grown

rg kg-I, which is higher than that of most

wheat-growing countries, but lower than North America. The diploid wheat, Aegilops

tauschiiand 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

:at varieties, triticale or barley' Grain Se

overwhelmingly by soil available Se

otential, cation exchange capacity' and

ing wheat with higher grain Se density,

agronomic biofortification may be a more piactical and productive strategy than trying to

bieed 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

using grain dissection, milling with a

, investigated the distribution of Se and

e effect of post-harvest processing on their
he endosperm (which included
the seed coat. However, the
aleurone/endosPerm was onlY

l.5-fold, compared with a mean 7-fold difference for Fe, Mrn,Zn and Cu' Se and S were

more evenly àistributed 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 anO mltting studies. Éo, "*u-ple, 
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 compáring 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 maximi ze the nutritional value of cereals by consuming whole grain

productsl. Milling, baking and toasting resulted in no absolute losses of any of the

minerals tested.

selenium, zinc, iron, copper, manganese, wheat, distribution' processlng'

INTRODUCTION

Se is an essential micronutrient for animals and humans' However, it is estimated that

around a billion people may be deficient (1) and many more sub-optimal (2' 3)' 'Wheat is

an important sourcå of bioavailable Se (4, 5), and its content can be increased by

application of Se to the growing crop or to the so\l (6, 7). ln order to maximize the

amount of Se in wheat pro-ducts, it is nècessary 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 (g, 10). Several studies report a reduction in

the Se concentration of white flour compared with unmilled grain or whole wheat flour'

ranging lrom 4-417o, with a mean around 27Vo (11' 12, 13)' This compares with a

decrease in concentration from whole wheat to white flour for Zn' Fe and K in the range

1
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4I-807o (11, 14, 15). A study that investigated the se content of wheat flour (737o flour

extraction) found that it contained 637o of the grain's total Se (,1ó).

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' Howevet'

there is a need f'or 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 processin g.

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-molt foods (16-18), whereas a Greek study into the effects of frying, grilling, boiling

or canning found that all foods lost some Se. Cereal s lost 5-25Vo of their Se after extended

boiling in water (9).

Baking studies have also yielded equivocal findings. Some found Se losses of around

svo (t9,20), while others reported no losses (21, 22). A study into the effect of various

commercial thermal pro""rr", found no effect on Se concentration in whole grain wheat

from steam flaking, autoclaving or popping. Se concentration in white flour was

unaffected by extruJion cooking, but drum-drying decreased it by 237o (23)'

This study will investigate the distribution of Se and other mineral nutrients (including Fe,

Zn, Mn, ôu) in wheat"grain by dissection and analysis of the seed coat layers' endosperm

plus aleurone layer, unã 
".nUtyo 

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, Uy analysing Sè and othér 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 VM506

were studied. of these cultivars, samples of Krichauff and Kukri were taken from a

previous field trial, conducted at Chãrlick Experimental Farm of The University of

Àd"luid", Strathalbyn, south Australia in 2002. The samples of stylet and vM506 were

obtained from planis 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 ¡"tglkg)'

After 24-hour imbibition with high-purity water (>18 M ohm resistivity) water at 40C,

seed tissues were carefully ,"pu.ãt"á under microscope, using a scalpel' The seed was

dissected into seed coat (;hich comprised 6 layers: the epidermis, hypodermis, cross cells,

tube cells, testa, and nucellar tissue), embryo, and endosperm plus the aleurone layer' The

sraining of the aleurone layer with Amido Ûtact< (Naphtol blue-black) (25) showed that the

aleurone layer remained aitached to the endosperm during dissection. Following excision,

the tissues were placed in Eppendorf tubes' Three replicates of 23 seeds each were

dissected.
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Analytical method

read and toast was analyzed by hydride
ctrometry (ICPOES) (Ciros, Spectro

:"î:åff tr;:Í"il#Hji'ífff:"i::
& Moller (26). Inaddition to the se analysis, samples from the

re further analyzed by normal liquid nebulisation ICPOES for
ents: Fc, Zn,N|n, and Cu. In the proce,ssing studies below, Ca,

Mg, Na, K, P, and S were also analYzed.

Milting 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

p."uìou, study to vary widely in Se concentration' The durum wheats tested were

Tamaroi and a University of Ã¿elaide 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. Thì 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 (Perlen Instruments DS 7000), and conditioning by addition of

around 10 ml of high-purity water per 3 )0 g sample (37o moisture) 24 hours before

milling. Each samptã *ur then milleã in a Quadrumat Junior laboratory mill (Brabender,

Duisburg, Cermany; to produce two fractions: a milling residue comprising bran and germ

lembryoj, and whiie flãur (endosperm and aleurone). The flour was then sieved for 6

minutes in a Simon sieve througn ìso p silk to separate pollard from the flour' The flour

extraction rate was 6O7o for the bread wheats uid 45Eo 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 gráin 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

*".é ou"n-dried for 48 hours at 70 0C prior to acid digestion.

comparison with the whole grain analysis enabled determination of any losses of Se or

other mineral nutrients that mãy have oócurred 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 O-427o by weight and

high-purity water added at 617o by weight. The dough,was kneaded on a floured plate

until elastic, then left at room temperatuie (25 0C) until double its initial size' It was then

placed in an oven at 2lO 0C and baked until golden-brown (35 minutes)' The procedure

aJ



was duplicated, and the data presented are mean values. The flour and bread samples were

dried in an oven for 48 hours at 70 0C prior to acid digestion and ICPOES analysis, and the

results compared. A sample of the yeást was also analysed to determine its contribution to

the tested nutrients.

Toasting trial

Two loaves of fresh, pre-sliced, plastic- vrapped, commercially made bread were

purchased: one white unJon" wholemeal. A commercial kitchen toaster was used for the

trial, and a temperature of around 2000C was reached close to the element' Two toasting

treatments were tested: 65 seconds, which resulted in lightly-browned toast.("light"), and

g0 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 0c for 48 hours, prior to acid digestion

and ICPOES analYsis.

Statistical analYsis

Where appropriate, variance analyses were I onducted using GenStat 6th edition (Lawes

Agricultural Trust, Rothamsted, uK), including a K¡uskal-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 I and 2.

Table 1. concentration, content and proportion of Se in grain fractions of two bread wheat

cultivars. Standard errors are baseã on three replicates except for whole grain (two

replicates)

Concentration Proportion
(vo)Cultivar Fraction )

Content
(ng)

Krichauff

Kukri

Embryo
Endosperm
Seed coat
'Whole grain

Embryo
Endosperm
Seed coat
Whole grain

593 + 58
433 + ll
t5l + 20
419 + 49

0.3+0
19t1
0.2+0
18+2

823 + 89
543 + 18
2OO+ 20
5to +12

0.6 + 0.1
20 t3
0.2+0
l8+3

2.9
96.2
I

1.5

9l.4
1

NB: Endosperm includes the aleurone laYer in this studY
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Tabte 2. Concentration and proportion of Cu, Fe, Mn and Znin different fractions

of the grain of four bread *tr"ui cultivars. Standard errors are based on three replicates

Cultivar
Krichauff
Kukri
Stylet
vM506'

Krichauff
Kukri
Stylet
VM5O6

Krichauff
Kukri
Stylet
VM5O6

K¡ichauff
Kukri
Stylet
VM5O6

Concentration

22fl.3
t3+o:7
24+l.l
28m.2

149+1.0
I l9+3.0
143+1.4
151t0.9

Seed coat
1.8
1.9
5.2
4.1

85. I

91.1
19.0
82.8

9.3
5.6
2.5
2.1

167+16.0
81+2.9
21!{.1
21m.6

14t6.1
64+2.3
tt2t2.3
63+l.9

Seed coat

6.3
6.0
1.1
6.6

2.0
1.9
1.5
1.1

Cu

Fe

Mn

Zn

6+0. I
5+0.0
4:0.2
6+0.0

25+0.3
24+0.3
24+0.6
20!o.4

4 0.1
4ú.1
10r0.0
10r0.0

6.4
2.5
15.5
12.3

5.5
3.2
18.5
15.2

14.1

8.0
30.4
23.O

9l .8
95.5
'79.3

83.6

4l+0.8
35+0.1
2310.8
26+0.4

25015.8
209+10.1
313+8.8
201+6.1

19.6
86.0
6r.9
70.3

154+5.0
157+3.0
23015.8
194+3.3

14+0.6
l3+0.7
23+t.O
25+0.3

t3ú.2
I110.6
18+1.0
42ú.8

16.1
10.6
26.9
19.5

81.9
81.4
11.6
18.7

I Proportion derived from seed nutrient content (¡r g/seed), not concentratlon.

'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 foin'e in Krichauff, wúere a higher Fe concentration was observed in the seed coat'

It is apparent that Se is more even in concel tration 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 f<r Mn and 1l.5-fold for zn' However' Se

concentration was higtr"r ìn the embryo than the endosperm/aleurone, which was higher

rhan the seed coat 
"(p . o.oor). Although Krichauff had a numerically higher se

concentration in the 
"ì]-lb.yo 

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 , due to its much greater weight compared to the other

fracttheembryoweight),containedthebulkofallnutrients
teste those of another grain dissection study' which found the

seed coat to contain 55-117o of total seed nutrients (except s, which was 407o) for two

wheat genotypes. The discrepancy between this and our study may be due to the authors'

inclusion of the aleurone with the seedcoat(27)'

Although not all cultivars tested in this study wele 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 nutrienis 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. ln the seed coat, Fe and Mn were higher in Stylet, while Zn was higher in

5



VM506. 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 mày 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 (6OVo) (pollard included)

than the durum wheat varieties (457o). In ali varieties tested, Se and S were distributed

more evenly throughout the grain than were the other nutrient elements tested' ln
Krichauff, fo, 

"*u-jple, 
the floir fraction contained 367o of the total grain Se content but

onlyS¿oof total Wi,gnof iron andl37oof Zn. Itislikelythattheselowflourextraction
rates (compared with commercial rates of 7o-767o) would have resulted in no aleurone

tissue remaining in the flour. The aleurone comprises 5-lo7o 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, witñresulting higher amounts of mineral nutrients in the flour'

This variation in distribution was also reflected in nutrient concentrations. For example, in

the bread w was 857o (SE 5) of that in whole grain and

7|7o(SE2)findingsofourdissectionstudyandofother
studies (11, n se distribution than that found by a Belgian

study (13). 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 24Vo and 127o, respectively, a finding similar to an earlier trial (30)'

Figure I 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 tetween. [,ess Se (517o), S (49Vo) and Ca (677o) were removed in the

milling residue than occurred with the other minerals (11-917o).

60

50

40

30

100

90

BO

70Ø
Øo
\o

Mn Fe Na Zn MgP
N utrient

CuKCaSeS

Figure L. Removal of mineral nutrients in milling residue (7o of whole grain content)'

Mean (SE) of two bread wheats (two replicates of each). Flour extraction: 597o' 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

6



Zn through milling to white flour is greater than the inhibitory effect of fibre components

and phytãte 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 l1ovo,Mn varied 3-fold7+-nn),Fe 3-fold (9-267o), Cu 2.5-fold (16-4ovo), andZn

2-fold (I3-26Vo). There was less variation within either bread or duntm wheats, gencrally

1.5 - 2-fold. These findings support those of a study that analyzed 2l bread wheat

cultivars grown under the sãme conditions (30). When the above formula is applied to

their data, 2-fold variations are evident for Mn, Fe and Zn, and l'5-fold for Cu' Their

study did not include Se or s. A study of 6 bread whe-at cultivars indicated genotypic

differences in concentrations of Cu, pe, tvtn 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 and2l-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 nutiients 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 t lgtt". 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 77o (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

i"rutt"¿ 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. batu t"pt"sent means of two replications

and standard errors.

Cultivar Fractton
Concentration
(uelke)

Content
(ue)

Proportion
(7o)

Krichauff
Bran
Pollard
Flour
Whole grain

Bran
Pollard
Flour
Whole grain

60t4
38+7
4l+2
5l+4

410r15
300r10
300120
335!25

7.1+1.0
2.ùt-0.5
5.6+0.3
15.7+0.5

45
I3
36
100

56jtz.0
2r.2l].5
30.2X2.0
103.5+9.0

54
20
29
100

Carnamah

1



Table 4. concentration and proportion of cu, Fe, Mn and Zn in whole grain and

milled fractions of two bread wñeat cultivars. Data represent means of two

replications and standard errors.

Concentration (mg/ke) Proportion (7o)

Bran Pollard Flour Bran Pollard FlourWhole
graln

Cu

Fe

Mn

Zn

Krichauff
Carnamah

8.3+0.2
6.4fl.3

t.6+0.2
1.6+0.3

1.3r0.0
1.6+0.1

3.7!n.2
4.8+0.3

79
'11

9
9

4
7

7

9

J
6

2
5

5
1

l4
14

Krichauff
Carnamah

7.2+O.8
1.8+0.4

7.0+1.0
8.2+0.3

33t3
301.2

8217
56+1

88
85

Krichauff
Carnamah

91+6
52+2

5.7+0.1
6.zfl.3

3.6+0.2
5.310.1

34+3
23t2

94
88

83
84

8.310.1
6.1+0.0

Baking losses

There were no significant losses of any of the tested minerals due to the baking process'

The mean 4Vo (SE 1) loss of Se can be explained in terms of the small sample size and the

Se derecrion limits of tn" 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 67o (SE 4) in concentration/content after

ùa][¡lng, part of which can be attributed to nutrients in the yeast, which, although added to

the flour at the low ratio of l:24o (by weight) had relatively high concentrations of Fe (56

mg/kg), zn (g6), Na (3g0), K (21,000) Ã¿ p (10,300). Bioavailability of some of the

,,'In"iát, may be increased by baking due to hydrolysis of phytate (33)'

Toasting losses

There was no loss in concentration or conte nt of Se or any other miner¿l tested, due to

toasting, whether light or heavy. This finding supports those of Ferretti & I-evander (16)'

who found negligible Se loss âuring the mañufaiiure of wheat or corn breakfast cereals'

and Hakansson (23). The Se data are presented in Table 5' The wholemeal bread was

higher than the wtrite bread in all minerals except Se, S and Ca' The white bread had

clJarly been fortified with ca, to achieve its conõentration 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 (35,3ó)

Table 5. Se concentration in bread before and after toasting (¡lg/kg). Data

represent the means of three replications and standard errors

Krichauff
Carnamah

57+2
39+1

7.2!O.2
5.6+0.2

24!l
2l!2

t2
9

Sample Treatment

Loss (Gain) Heavily
toasted

Loss (Gain)Untoasted LightlY
toasted 7o 7o

White bread
'Wholemeal

ll7 +3
170 +0

IIO +6
177 =3

161 ¡3
170 t0

4
(4)

No significant difference between treatments (Kruskal-Wallis test)

6
0

bread
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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 *"." ,upplied with Se from baked bread had a 26Vo highet
rce (37). On the other hand, another trial,

e suPPlied in white dough was more
(biscuit) or whole wheat meal in raising
n whole wheat was more effective than

the others at restoring/raising the important antioxidant selenoenzyme, glutathione

peroxidase levels in whole blood and livcr. This may be because flour obtainerl aftcr

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 il did of the other nutrients' The embryo had

higher conJentrations of Se, Mn, Zn andCu 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 ã store of nutrients. The low flour extraction rate (607o) would have

minimised the aleurone content of the flour fraction, and for the bread wheat Krichauff'

for example, the flour fraction contain ed 36Vo of the total grain Se contentbut only 5To of

total Mn, 97o ofFe and l3vo ofZn. Genotypic variation in the concentration and content

of most minerals between the endosp".- und 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 oI 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 ir 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 rélatively ltw, have not been reported previously, and overseas results have

been varied. This study used trials conduct
assess Se phytotoxicity in wheat. In freld tri
selenate, and in pilot trials that used up to 50
foliar-applied, on soils of low sulphur (S)

symptoms were observed. In pot tiials of four weeks' duration, the critical plant level for
Se toxicity *u, uroîïå ZS^-t;ttf óW, u level attained by addition "j ?:f le Se kgr to
the growtú medium as selenate. Solution concentrations above 10 mg Se /-' inhibited early

rooi growth of wheat in laboratory studies, with greater inhibition by selenite than

selenate. For selenite, Se concentrations around 70 mg /-l were required to inhibit
sermination. while for se ution concentration

ãr rso mg Se /-r. Leaf S rhree-fold with the

addition õf t -g Se kg-r t 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 *òut¿ be used to increase grain Se for human consumption (4-200 g

Sïnu' 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 (T ritic um ae stiv um L')'

Introduction

Higher plant species vary widely in Se uptake and accumulation in shoots and other edible

puñr, and also in tolårance to high Se concentrations in solution, soil or shoots

lMarschner, 1995). Primary Se-accumulators such as Astragalus bisulcatus L' may

contain as much u, ts,ooo -g s" kg-r D'w, which is toxic to livestock (Beath et al., 1931).

It is likely that this ability to accumulate and tolerate high concentrations of Se has

evolved as a defence againsi insect herbivores (Hanson et al., 2OO3 Pickering et al., 2003)'

On the other hand, iobacco and soybeans are Se-sensitive and can be affected by

concentrations as low as I mg Se kg-t in culture media (Martin & Trelease, 1938). Toxic

planr tissue levels of Se are generally above 5 mg tgt lReilly, 1??6)' but among

ãgricultural crops the phytotoxicity of Se is variable (Mikkelson et al., 1989a)'
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Studies of Se phytotoxicity in wheat have al One study reported

an inhibition of plant gro*ttt at a shoot conc I in wheat grown for

45 days, and even the relatively low soil Se kg-l as selenate

produåed harmful effects, incluàing growth reduction and chlorosis (Tripathi & Misra,

lg74). However, a five-day study found that a solution containing 2O mgSe /l 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'

(1t89), wheat was the leasi sensitive to Se, with no effect on germination at up to 32 mg

à; ¡j i;, .ul,u." solution, as selenite or selenate, while reduction in root growth occurred

uiou" i -g S" f'. 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 cr
toxicity effects and reduced quantity and

Although it is unlikely that phytotoxic e
applications that would normally be used to

1YìZirantu, 1983; Lyons et al., ZOO+), 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 fertiíty 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, thL low S and P status of many Australian soils may produce different

ouào-", îor 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, \n 2002,

where Se was applied as sodium selenate at rates from 0-120 g Se ha-l either to the soil at

seeding o. u, u foliar spray after flowering. At Charlick, 70 km south of Adelaide' a

2x5x2 factorial trial with á 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 each replicate' The whole plots were then

divided into five sub-plots and r d Se treatments of 0,4, 12,40 and 120 g

t¿i uppfi"d as sodium selenate. s were further divided into sub-sub-plots

and .ãndo*ly allocated with s treatments. Growing season (April to
October) rainfall was 211 mm, and mean grain yield was 1'8 t ha-l' The final harvested

area per plot was 3.5 -t. At Minnipa, 400 km north-west of Adelaide, a 5x2 factorial trial

with a split-plot design and foui replications was conducted, using var. Krichauff'

Selenium application rãtes (the .u-" u, for Charlick) were randomly allocated to the five

whole plots within each replicate. The wh le plots were divided into two sub-plots and

randomly allocated with såil or foliar Se treatments' Growing season rainfall was 219

mm, and mean grain yield was 1 .4 t ba-t. These trials are described fully elsewhere
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Soil texture
pH (Hzo)
Conductivity
S,
Fe (DTPA)
Reactive Feb
P (Colwell)
Organic C'
Seo

Sandy loam
8.6
0.11dS m-'
2.4 mgkg'l

, -l/msKs
zgzÁlxdl
22 mgkg'l
7,800 mg kg
<200 ue ks-r

(Lyons et al., 2OO4). 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
Clay loam
6.6
0.05 dS mr
4.4 mgk$l
66 mg kg-'
773 mgk$l
57 mg kg-l
13,300 mg kg

-l<200 pg

Glasshouse trials

" Extractable S determined using calcium hydrogen phosphate'
å Reactive Fe determined by amLonium oxalatsextraction. It includes fenihydrite, magnetite and

organically-bound Fe.
. õrganic-C determined by sulphuric acid/dichromate method. The amount of chromic ions is

proportional to the organic C oxìdised, and is measured colorimetrically at 600 nm'
ä fã,d soil Se determined by inductively coupled plasma mass spectrometry (ICP-MS) after

digestion with nitric/perchloric acid.

Two trials were conducted in the glasshouse, using wheat' The growth medium used was

university of california (uc) poiting mix (Barker et al., 1998), Waite campus version

(Universiiy of Adelaide). This co-piir"t 400 litres of coarse washed sand, 300 litres of
peatmoss, 700 g calcium hydroxide, 480 g calcium carbonate and 600 g Nitrophoska

iS,+,tZ (which contains, inter alia,5.3% sulphates), with pH (HzO) of 5.5.

Trial I
The growth medium was sieved (3 mm aperture) to remove pebbles and weighed into 2'5

kg lois. Sodiu stock solution was added with enough pure

water (Mitli-Q pot (19 cm diameter x 17 cm depth) to

achieve l2To solution was mixed with the growth

medium by shaking vigorously in a plastic container' Selenium was applied at the

following iates: 0, i, 2,-4,8, 16, 32, 64 and 132 mg kg-r. There were two replications (18

oots total). Wheat seed (bread wheat cultivar Janz, that contained a low Se concentration

ãi j rrg tg '¡ *u, pre-germinated on filter pap cm depth' 12 seeds per

pot inIatJJune, zOOt. Pots were watered pure water' and at each

watering were shifted randomly on the be four smallest plants per

pot were pot. Whole^tops were harvested at 22 days and

fresh wei hours at 800C, and analysed for S^e and mineral

nutrients. out the trial were 18uC day and lO'C night' with
mean relative humiditY of 657o'

Trial2
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, O.t un¿ 0.5 mg Se kgr) ànd exctuded the highest levels used in the first trtal(32
aJ



-g kg-' and above). The trial was planted in late August, and whole plants (including

,oãt.¡ *"r" harvested after 30 days.. The youngest emerged leaves (YEL) and the dead

leaves (from the 4,8 and 16 mg kg-l treatments) were separated from the remainder of the

tops, and, after drying for 4-8 hours at 800C, were analysed separately' Mean air

temperatures throughout the trial were 230C day and 130C night, with mean relative

humidity of 6OVo.

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

ãoncentration of 5 pg kg-'. These trials used 15 cm Whatman ashless filter paper in 15 cm

plastic petri disher, ãO -f 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 2O seeds. Seeds were placed on

the wet filter paper, and lids placed on the Petri dishes, which were then transferred to an

incubator at 24oC 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, Petii 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

i"l-i, *i,n itrr"r r"ptications. 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-OES at the University of Adelaide's 'Waite

reference Plant material used was
centration of t.ZZ mg kg I for grain
d Se concentration of 0-12 mg kg-'

for leaf samples.

Statistical analysis

Analyses of variance were conducted using Genstat 6th Edition (Lawes Agricultural Trust,

Rothamsted Experimental Station, UK).

Results and discussron

Field trictls

In the field trials there was no effect of Se (either soil- or foliar-applied at rates of up to
120 g Se ha-r as selenate) on grain yield (Table 2).
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Table 2. Wheat grain selenium concentration and yield at two South Australian field sites
in2OO2. Selenium applied as selenate. Means of four replications. Cultivar: Krichauff.

(g ha-') (ue ke-r) (t ha-r) (ue ke-') (

MinniPa
Soil Foliar

Grain Se Yield Grain Se Yield
conc. conc.
(ue ke-r) (t ha-') (pe kg') (t hat)

Charlick
Soil

Se rate Grain Se Yield
conc.

Foliar
Grain Se Yield
conc.

t ha-r)
0
4

12
40

120

57
205
355

2,125
8,325

1.89
1.82
r.82
1.83
t.19

65
t45
354
597

r,240

1.89
1.80
1.80
r.16
1.88

600
1050
940

2,'.l30
11,950

t.4t
1.48
r.4t
1.40
r.46

650
888

1,130
1,780
3,580

1.44
1.43
1.48
t.42
L49

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-l soil-applied or up,to 330 g Se ha-r

foliar-applied in soils with relatively low S concentrations (2-l mg kg-') (Lyons et al.,
2OO4) ánO n"t¿ trials in Finland that used up to 500 g Se ha-l (Yläranta, 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-l), 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-r; Minnipa625 pg kg '.

Glasshouse trials

Trial l
In the first pot trial, a wide range of Se applications was tested, up to the high level of I32
mg Se kg-r as selenate. Selenate's mobility and solubility was reflected in the high shoot
Se concentrations, even at 1 mg kg-I, the lowest level of applied Se (see Table 3). This
trial showed that a Se level above 2 mg kg-r applied as selenate (which produced around
200 mg Se kg-r 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 kgt (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.
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Table 3. Effect of applied soil selenium on plant yield and concentration of selenium and

sulphur in shoots of *n"u, grown for 22 days in UC growth medium treated with sodium

selenate. Mean (SE) of two replicates

Applied Se
(mg kg'

Shoot FWo
(mg/plant)

Shoot Se conc. Shoot S conc. Se toxicitY sYmPtoms

(mg kg-t') (-g kgt')
soil)
0
1

2
4

730 (40)
120 (t0)
700 (40)
s20 (40)

100 (0)

40 (0)

0.1 (0.01)
85 (8)

20e (11)
685 (10s)

s2oo (100)
9300 (s00)

10e00 (100)
161s0 (9s0)

None
None
None

8 280 (10) t46s (4s) 21250 (17s0)

200 (10) 1440 (10) 98s0 (3s0)

Stunting, mainlY of 2nd

young"it leaf; bleached 2nd and

3'd youngest leaves in some
plants; leaftiP necrosis and

exudate.
Stunting; wilting; chlorosis; tiP
necrosis and exudate; bleached
2nd and 3'd 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 2nd and 3'd 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.

16

32

64

132

114s (es)

1810 (80)

6000 (400)

36s0 (s0)

20 (0) 870 (80) zeoo (2oo)

n Fresh weight
r'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). Selenium phytotoxicit
Sulphate and selenate
incorporation of selen
formation, which redu
observed for selenometh for methionine (Eustice et al'' 1981)' For

example, the bleaching i aY be due to

inhibition of porphobilin biosynthesis

(Padmaja et al., 1989)' Furthermore, both s reduction of

nitrate in leaves (Aslam et al., 1990), and selenate may inhibit glutathione biosynthesis

(De Kok & Kuiper, 1936). More recently, it has been found that' while Se acts as an

antioxidant and inhí¡its tipia peroxidation at low concentrations, it has the opposite effect

at higher concentrations and õan increase lipid peroxidation products (Hartikainen et al''

2000).

Trial2
The second trial used lower levels of Se and again found growth inhibition due to Se

^b"";;;; irti", selenate (230 mgse kg-r in plant tissue) (Table 4 and Figure 1). The

6



plants were bigger in this trial as it was conducted in conditions of higher temperature and

iight int"nrity ihan the first trial, and the plants were grown for eight days longer'

Table 4.Plantyield and concentration of selenium and sulphur in shoots

of wheat grown for 30 days in uc mix growth medium treated with
seleniumãs sodium selenate' Mean (SE) of two replicates

Se Shoot drY wt Shoot Se conc
(me kgt)

Shoot S conc.

soil) (mg/plant) mH kg-r)(

0
0.01
0.1
0.5
I
2
4
8
16 2250

617 (7)
748 (1 1)

6fl (3)
130 (e)
6e2 (42)
674 (2s)
so4 (3)
22t (2s)
s0 (8)

0.1 (0.02)
0.34 (0.02)
3.r (0.02)

2e (1)
]s (4)

230 (10)
s00 (30)
81s (3s)

3s00 (0)
3750 (so)
41s0 (150)
14sO (2s0)
ezoo (0)

113s0 (1s0)
12600 (300)
14400 (100)
r1350 (1850)

y = -0.0006x2 - 0.0605x + 695.87
R2 = 0.9452

0 100 200 300 400 500 600 700 800 900

Shoot Se ( mg kg-1)

Figure 1. Effect of applied sodium selenate on selenium concentration and growth of

shoots of wheat g.o*n 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 lo%o

reduction in growth can be expected (Andrew & Hegarty ' 1969)'

Root weights followed a

of Se toxicity in Plants
symptoms in the higher-S
critical nutrient concentr
shoots wth can be expected (Andrew & Hegarty'

1969),alssuggestthat'forwheatgrownonasandy
loam s mineral nutrient levels in the Presence of the

most a level is around 325 mgSe kg-l DM' which is

I
800

700

600

500

400

300

200

c
(d
o-
o)
E

=o
oo
_c
U)

1

r¡

Threshold of toxicitY:
325 me ks-l



attained with the application of around 2'6
compares wi levels for
upland rice, on et al',
such as parts at is able t

-t ;;-t' grain without apparent detriment to the plants (Moxon et al', 1943)' However'

as our glasshouse trials weìã 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 for Se concentration and

found to contain the same Se concentration eaves for the control and

lowest Se treatments (0.01 and 0.1 mg kg-r), the higher Se treatments'

The oldest leaves (which were dead) in the plants at two of the high Se treatments (4 and 8

;;È;l; ;"." utrà analysed separately unà hud 2.5-3 times the se concentration of the

other leaves (excluding ttr" Vei). TË oldest leaves, which had experienced greater total

transpiration than the lounger leaves, accumulated.the highest concentrations of Se, up to

;;oo'^Ekg-r in the plánts tieated with 8 mg Se kg-r'

The plants grown at the 0.01 mg S I were around llzobigger (combined weight

of roots and tops) than controls, bu wo re I would

be needed to investigate whether case by Se'

Moreover, a fungiciáal effect of conc mildew

(Erysiphe graminis) was observed during this trial:

Shoot Se concentration (mg kg-l)
Less than 80
200-500
More than 800

Extent of infection
Medium to heavY
Light
None

Seleniu t tinea capitis in humans (Pomeranz & Sabnis' 2OO2)'

but littl Se as a fungicide in plants' However' a study using

Indian)foundasimilarSefungicidaleffecttoourstudy
against a leaf pathogen, Alternaria brassicicola schweinitz (Hanson et al', 2003)' A

further study using tn¿iun mustard found Se in phloem to be lethal to aphids at shoot Se

levels as low as 2 mg kg-r (Hanson et al., 2OO4). It is a question worthy of investigation

whether Se might tta.r" õm" protective effects at lower, more common' levels of foliar Se'

In vitro trials

solution se concentration that resulted in a lovo yteld reduction from the control level)

was 15 mg fl.
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hold of tox'citY f or

Se in solution: 15 nE l-1

F

95

90
c
(ú

-o 85
E
E

ãuoo)cïtsoo
E.

70

65
0 20 40 60 B0 100 120 140 160

Se (mg l-1)

Fipure2. Inhibition of wheat root growth after 48 hours' contact with sodium selenate

,ái",i",' 
", 

280C. Mean (SE) of three replicates. LSD (0.05) for root length: 10'2 mm'

Neither this trial nor that of Lintschinger et ú. (2000) found growth inhibition at the low

concentration of 2 mg Se /-1, whethei supplied as selenate (or selenite, as reported by

Carlson er al (1989) in a 3-day trial). No^inl ibition of germination was observed in the

current trial, even á, ,n" ß2 mg /-i treatme than that which

reduced germination in our unreplicated preli 240C' so the 40C

I mav tolerance to Se

day/night) found a lower tolerance of whe
(Cärlsõn 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 l-1, and the magnitude of inhibition at all treatment levels was

greater than that for selenate. For exaniple, growth was reduce d by 507o at 38 mg l-l
(nigur" 3), compared to a reduction of l57o for selenate at this level'

ss inhibited by selenite than was ,root growth, with no inhibition

tion concentration of 24 mg Se /-l was reached, compared with a
toxicity for root growth of tt mg fr. hhibition of germination

g /', bnt *u, noi great, even at the 167 mg l-' treatment (107o

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 selenite, when provided in solution culture, is more toxic

rhan selenate in higher plants (Smith & Watkinson, 1984; Carlson et al', 1989; Läuchli,

1993; Te*y et al., ãOOOj, although the reverse is the case for tall fescue (\ù/u et al', 1988)'

With selenite a higher proportion is assimilated in the roots (Gissel-Nielsen' 1987)' and

9



selenite undergoes faster conversion to selenoamino acids, which may partly explain its
higher toxicity, despite a lower uptake rate (smith &'watkinson, 1984).

Threshold of toxicitY for Se
in solution: 11 mg l-1

0

02040 60 80 100

Se (mg l-1)

120 140 160

Figure 3. Inhibition of wheat root growth after 48 hours' contact with sodium selenite

soiution at240c. 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

cónìentration 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 I 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

soii at seeding at a rate of 120 g ha-t increased foliar S by 100% above the mean S

concentration for all the lower Se treatments and the controls at Minnipa, and by 2OVo 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 õ at Minnipa (2.4 mgkg-r) compared to Charlick (4.4 mgkg-r), as the

S-increasing effect of selenate is reduced or absent at higher S levels (Mikkelsen & Wan,

1990). Thii effect of selenate in increasing foliar S concentration and content has been

reported in perennial ryegrass (Lolium perenne L.) and white clover (Triþlium repens L.)
(Smith & Watkinson, 1984), barley (Hordeum vulgare L.) and fice (Oryza sativa L.) at

low concentrations of sulphate in solution culture (Mikkelsen & Wan, 1990), and in
Arabirlopsi.s in a short-term study (Yoshimoto et al., 2OO2). Arabidopsis plants grown in
the presènce of selenate showed patterns of mRNA accumulation for the main sulphate

traniporter gene similar to those in plants deprived of S. The presence of increased

concãntrations 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-t) may inhibit the main sulphate

transporter (see Table 3).

70

60

?50
(d
o_

È40
E

=30o)
520
o
-9 10
f.L
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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

;;;:il;;,tiáir rugä"sted that, for wheat grown on a sandy loam substrate of pH (HzO)

5.5 with normal min-eial nutrient levels, a critical shoot level for Se toxicity of around 325

;; O;f r"*f,r from the addition oT 2.6 mg S e kg I to soil as sodium selenate, the most

soluble Se form. However, growth inhibition of less than l07o may commence at shoot

concentrarions of 20ó ;;d"-t glt ioutulned by applying 2 mg Se kg-r as selenate)' It is
re lìot cõnducted using soil, and further studies

vailable S and C should be conducted to
eld trials, different grain Se concentraüons

fferent soils'

Leaf S concentration and content of wheat increased three-fold with the addition to growth

media of 1 mg se tg I 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 ;rowth of

root growth by both Se forms generally commen of

;ffi10 *r'¡t, while inhibitiôn of germination nd

four times higher for selenite and eleveri tim ,s 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.

Acknowledgements

we are grateful to the Grains Research and Development corporation (Australia) for

funding G Lyons's PhD research; to 'Waite Analytical Services for Se analyses; Steve

Hughe; for providi ng Astragalas seed, and to Yusuf Genc, Nick Dykshoorn and Julia

Humphries for technical and manuscript assistance'

References

Andrew c S, Hegarty M A Lg6g comparative responses to manganese excess of eight

tropical and four temperate pasture legume species. Aust J Agr Res 20,681-696'

Aslam M, Harbit K B, Huffaker R C 1990. Comparative effects of selenite and selenate on

nitrate assimilation in barley seedlings. Plant cell Environ 13,113-182'

Barker S J, Stummer B, Gao L, Dsipain I, O'Conner P J and Smith S E 1998 A mutant in

Lycopersicon esculentum Mtll. with highly reduced VA mycorrhizal colonisation:

isolaiion and preliminary characterization. Plant J 15,191-791.

t1



Beath O A, Eppson H F, Gilbert C S 1937 Selenium distribution in and seasonal variation

of vegetatiõn occurring on seleniferous soil. J Am Pharm Assoc 26,394-398.

Bollard EG 1983. Involvement of unusual elements in plant growth and nutrition. 4'

Selenium. In Lauchli A & Bielesti RL (eds) Inorganic plant nutrilion,l}l-114. Berlin:
Springer-Verlag.

Brown T A and Shrift A lg82 Selenium: toxicity and tolerance in higher plants. Biol Rev

Cambridge Philos Soc 57, 59-84.

Carlson C L, Kaplan D I and Adriano D C 1989 Effects of selenium on germination and

radicle elongaiion of selected agronomic species. Environ Exp Bot 29(4)' 493-498'

De Kok L J and Kuiper p J C 1986 Effect of short-term dark incubation with sulfate,

chloride and selenaìe on the glutathione content of spinach lspinacia oleracea cultivar
Estivatol leaf discs. Physiol Plant 68, 411-482'

Eustice D C, Kull F J and Shrift A 1981 Selenium toxicity: aminoacylation and peptide

bond formation with selenomethionine. Plant Physiol 67(5)' 1054-1058'

Gissel-Nielsen G 1987 Fractionation of selenium in barley and rye-grass' J Plant Nutr 10,

2t41-2152.

Hanson B, Garifullina G F, Lindblom S D, Wangeline A, Ackley A, Kramer K, Norton A
p, Lawrence c B and Pilon-Smits E A H 2003 selenium accumulation protects

Brassica juncea from invertebrate herbivory and fungal infection. New Phytol 159(2),

46r-469.

Hanson B, Lindblom s D, Loeffler M L and Pilon-Smits E A H 2OO4 Selenium protects

from phloem-feeding aphids due to both detenence and toxicity. New Phytol 162(3),

65s-662.

Hartikainen H, Xue T and Piironen V 2000 Selenium as an antioxidant and pro-oxidant in

ryegrass. Plant Soil 225,193-200.

Läuchli A 1993 Selenium in plants: uptake, functions and environmental toxicity. Bot

Acta 106, 455-468.

Lintschinger J, Fuchs N, Moser J, Kuehnelt D and Goessler W 2000. Selenium-enriched

sprouts. A raw material for fortified cereal-based diets. J Agr Food Chem 48, 5362-

5368.

Lyons G H, Lewis J, Lorimer M F, Holloway R E, Brace D M, Stangoulis J C R and

Graham R D 2004 High-selenium wheat: agronomic strategies to improve human

nutrition. Food Agr Environ 2(l), ll l-I18.

Marschner H 1995 Mineral Nutrition of Higher Plants 2nd edition. Academic Press,

London.

Martin AL & Trelease SF 1938. Absorption of selenium by tobacco and soy beans in sand

cultures. Amer J Botany 25, 380-385.

I2



Mikkelsen R L, Mikkelsen D S, Akbar-Abshahi A 1989b. Effects of soil flooding on

selenium transformation and accumulation by rice. Soil Sci Soc Amer J 53(1)' 122-t2l '

Mikkelsen RL, Page AL, Bingham FT 1989a. 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 R L and Wan H F 1990 The effect of selenium on sulfur uptake by barley and

rice. Plant Soil 121, 151-153.

Moxon A L, Olson O E, Whitehead E I, Hilmoe R J and White S N 1943 Selenium

distribution in milled seleniferous wheats. Cereal Chem 20,316-380.

padmaja K, prasad D D K and Prasad A R K 1989 Effect of selenium on chlorophyll
biosynthesis in mung bean seedlings. Phytochem 28, 3321-3324.

Pickering I J, wright c, Bubner B, Ellis D, Persans M W, Yu E Y, George G N, Prince R

C and Salt D E 2OO3 Chemical form and distribution of selenium and sulfur in the

selenium hyperaccumulator Astragalus bisulcatus.PlantPhysiol l3l,1460-1467.

pomeranz A J and Sabnis S S 2OO2 Tinea capitis: epidemiology, diagnosis and

management strategies. Paediatr Dru gs 4(12), 1 1 9 -1 83'

Reilly C 1996 Selenium in Food and Health' Blackie, London'

Rengel Z, BatÍen G D, Crowley D E 1999 Agronomic approaches for improving the

micronutrient derrsity in edible portions of field crops. Field Crops Res 60, 21-4O.

Rosenfeld I and Beath O A 1964. Selenium, Geobotany, Biochemistry, Toxicity, and

Nutrition. Academic, New York.

Smith G S and Watkinson J H 1984 Selenium toxicity in perennial ryegrass and white
clover. New Phytol 91, 551 -564.

Spencer N E and Siegel S M 1978. Effects of sulfur and selenium oxyanions on mercury

toxicity in turnip seed germination. Water Air Soil Pollut 9,423-421.

Te6y N, Zayed A M, de Souza M P and Tarun A S 2000 Selenium in higher plants. Annu

Rev Plant Physiol 5l,4Ol-432.

Tracy M I and Moller G 1990 Continuous flow vapor generation for inductively coupled

argon plasma spectrometric analysis. Part 1: Selenium. J Assoc Off Ana Chem 13, 404-

410.

Triparhi N and Misra S G 1974 Uptake of applied selenium by plants. Indian J Agr Sci

44(12),804-807.

Wu L, Huang ZZ and Burau R G 1988 Selenium accumulation and selenium-salt co-

tolerance in five grass species. Crop Sci 28, 5I7-522.

yläranta T l9g3 Effect of applied selenite and selenate on the selenium content of barley

(Hordeum vulgare). Ann Agr Fenn22, 164-174.

t3



yoshimoto N, Takahashi H, Smith F'W, Yamaya T and Saito K2002 Two distinct high-
affinity sulfate transporters with different inducibilities mediate uptake of sulfate in
Arabidopsis roots. Plant J 29(4),465-413

t4



47

4. General Discussion

Selenium : ess ential 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).

Clarifuíng 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 healtþ South Australian residents, a survey

of nearly 300 Adelaide blood donors was conducted. The study yielded a mean plasma Se

concentration of 103 ¡tgl\, which is above that of most countries, and just above the

estimate of 100 ¡.tgll required for maximising the activity of the important antioxidant

selenoenzyrne, glutathione peroxidase (Rayman, 2000). However, only 8% of men

surveyed reached l2O ¡t"gll Se, a plausible target for maximum protection against prostate

cancer (Brooks et al,200l; Duffield-Lillico et aL,2002; Rayman & Clark, 2000), which is

the most commonly diagnosed soiid 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 raîge for lower risk of prostate cancer

by increasing their Se intake. We conclude that men living in Australia with a plasma Se

concentration below I00 p"fllwould 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



48

individuals) resulted in the largest human Se survey yet conducted in Australia' and it

showed a20%o decline in the Se status of South Australians sampled ftom 1977 to 1988.

This may be due to changes in dietary composition andlor a decline in the mean Se

concentration of South Australian wheat (Triticum 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-healtþ 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, 199} 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, afortiori 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

Brazllnuts, 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.

D i et ary c o mp o s iti on, dr inking w at er, s upp I em ent ati o n, fo o d fortifi c at i on

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 a\, 1989). Brazll 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

mdkg) 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).

Bioþrtffication

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 ofplant 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, lg99). 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 bioþrtíficatíon of wheat with Se

Weat-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, modem commercial

bread and durum wheats, doubled haploid populations, s¡mthetic wheats, triticale, rye and

barley were analysed. Grain Se concentration varied 144-îold, from 5 þdkg (grown on a

high-Fe lateritic soil on Kangaroo Island, South Australia) to 720 þglkg (grown on a high

pH, low Fe, low S, low organic matter soil at Minnipa, Eyre Peninsula, South Australia)'

Zn, orrthe other hand, varied three-fold in the same sample. The grand mean for Se was

155 ¡tglkg(SE 15), and the median was 100 ltglkg. Most wheat grown in South Australia

from 2000-2002was in the range 70-280 pg 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 IlK, 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 a¡d an overall median Se concentration of I70 ¡.tglkg (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-Nie1sen, 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 dfficult 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 thaf a total soil

Se concentration of up to 0.6 mdkgis 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 ¡t'glkg,

Minnipa 720 ¡tglkg) in soils testing < 0.2 mglkg of total Se. The Minnipa site gtew the

highest-Se wheat in the survey, and could not be considered Se-deficient. South

Australian soils are renowned for their micro-spatiai 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 glown 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 L.) 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 bioþrtffication 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 altemative to breeding to raise grain Se concentration. Se applied

as seienate to the soil at seeding was more effective than post-anthesis foliar application

on soils of variable pH (6.5-8.5 pH H2O), 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 glha), 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 $20lha to achieve a high grain Se concentration of 10

mglkg Se on a wide range of soil types (assuming a selenate cost of $50/kg, and grain

yields below 2.7 tlha).

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 glha Se as sodium selenate, no yield reduction or

other adverse effects were observed. Moreover, in unreplicated pilot trials using selenate

at up to 500 glha Se soil-applied or 330 lha Se foliar-applied, no Se toxicity sym.ptoms

were seen. These findings are similar to those of a study conducted in Finland using

barley grov/n at higher yields (5 lha) (Ylaranta, 1983). The four-week soil pot trials

conducted in a glasshouse revealed a critical tissue level for Se toxicity of around 325

mùkg, a level attained by the addition of 2.6 mglkg 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 mgl/ Se as selenate, or up to 23-39 mg/kg

Se as selenite. Inhibition of early root growth com.menced at 6-13 mglkg for both Se
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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, 7978), 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 conìmon 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.) (a11 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), bariey 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 pattems of

6RNA 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 mÙkg 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 kglha 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 I0 tlha 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 as20kglhalyear (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 \Mas observed in

the field tnal at Strathalbyn, a finding supported by an earlier field trial study (Soltanpour

eI al,1982). However, a Serbian study found that foliar urea, when applied together with

sodium seienite, increased grain Se concentration in wheat (Djujic et al, 1998). The effect

was large (up to ll0% increase over foliar Se alone when applied at the stem elongation

stage) and fuither 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-miiling 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 sturJies, in contrast to Cu, Fe, Mn and Ztt' 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.

s e bioþrtifi ed wheat : commer cíalis ation and furth er r es earch

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 rarlge 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 functionøl

foods,which are likely to experience strong consumer demand as evidence builds for Se's

crucial role in human health (Combs' 2007; 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 t mdkgwould 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;Fanag, 1999; Giray etal,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 micronucieus 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 infl ammation.

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 modem 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.
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