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Summary

Merja Eurola, Veli Hietaniemi

Agrifood Research Finland, Research Services, Chemistry Laboratory, FIN-31600 Jokioinen,
Finland, firstname.lastname@mtt.fi

With the workshop theme “Twenty years of selenium fertilization” the or-
zanizers wanted to summarize the 20-year research period of Finnish sele-
nium supplemented fertilization and bring together people interested in sele-
nium. The main areas of the program and proceedings are: selenium fertiliza-
tion, selenium in foods and diets and selenium and health. The proceedings
include 13 short papers written by the speakers, and 26 abstracts of poster
presentations.
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History of selenium supplemented
fertilization in Finland

Pentti Aspila

MTT Agrifood Research Finland, FIN-31600 Jokioinen, pentti.aspila@mitt.fi

Background

History of active research on selenium can be regarded to be started in 1957
when Schwartz and Foltz demonstrated importance of selenium in rats. Coin-
ciding with this Mills detected preventing nature of GSH-Px in erythrocytes.
Nevertheless, it took years before function of selenium was elucidated. In
1973 Rotruck et al. were able to demonstrate the role of Se in GSH-Px en-
zyme and later in 1979 Ladenstein et al. described the structure of GSH-Px.

Finnish soils are naturally poor in selenium, even though not exceptionally
poor. In addition, availability of selenium from soil to plants is poor due to
soil properties, e.g. low soil pH and oxidation-reduction potential of soil.
Therefore foods and feeds naturally grown in Finland are extremely low in
selenium as was shown by Oksanen and Sandholm in 1970. Low selenium
intake in animals results in high incidence of diseases related to selenium
deficiency, especially in fast growing and young animals. To overcome this
obstacle various treatments against selenium deficiency diseases were experi-
enced after the role of selenium in nutrition was demonstrated.

Early selenium supplementation in Finland

Selenium has been successfully used as a treatment in preventing nutritional
muscular degeneration already since early 1960’s. In Finland a decision to
allow supplementing of mineral mixtures with inorganic selenium sources for
feed purpose was made in 1969. This resulted in supplementing all commer-
cial feeds with selenium, mainly sodium selenite, at the maximum allowed
level of 0.1 mg Se/kg in total ration. This decreased in animals incidence of
diseases related to selenium deficiency. However, in animals not commonly
given commercial feed mixtures there were no impact.

In human dietary selenium intake inorganic Se supplementation had only
minor effect, because transfer of inorganic feed selenium into animal prod-
ucts is poor. In 1970’s daily selenium intake of Finnish population was
mainly around 30 pg per day per capita, far below recommended safe daily
allowance of 50 — 200 pg. Low selenium content in domestic food products
also resulted in speculations on healthiness of locally produced food. In the



years when grain was imported due to low domestic crop yield, human sele-
nium intake increased near to level of recommended daily allowance as Varo
and Koivistoinen calculated in 1981. The Finnish authorities also considered
the risk that low selenium content in Finnish food products could come as a
trade barrier for food exports.

Rationale to increase selenium content in Finnish
food

After the role of selenium in physiology became better understood, several
studies in humans, e.g. studies of the group lead by Salonen in 1982 and
1984, were initiated in late 1970’s to study potential health effects of low
selenium intake. These studies brought up evidence of increased risk of car-
diovascular diseases and cancer at low selenium intake level. This informa-
tion resulted in excessive discussions in Finnish media and further to dra-
matic increase of sales in selenium tablets and other special selenium prepa-
rations. From the point of view of public health this was not a sustainable
solution, because selenium intake was distributed extremely unevenly among
the different population groups. Those people not taking extra preparations
were still subject to selenium deficiency, and on the contrary some of those
using these preparations in excess were facing a risk of overdosing, because
the margin between the daily need and overdose is exceptionally narrow with
selenium.

Along with increased awareness of the role of selenium, and as various stud-
ies proved necessity of selenium in nutrition, it became obvious that serious
actions should be taken to convince the Finnish population of high quality of
Finnish food and to remove obvious risks in the public health. There were
naturally several paths to take to conclude the solution. The basic principle in
defining the solution was to make it as comprehensive and safe as possible so
that the whole population would have sufficient selenium intake and there
would not be any risks of overdosing.

Research activities for selenium fortification in
fertilizers

As the result of careful analysis, professor Koivistoinen being the key driving
person, fortification of fertilizers used in food production chain was chosen in
1984 as the most reliable mean to raise selenium intake to sufficient and safe
level for the whole population of Finland. Before this decision could be
made, an extensive programme was launched to find proper means and levels
for selenium fortification. This programme consisted mainly of two parts. In
one part Yldranta (1985) investigated selenium transfer to plants through
various means of selenium application in his extensive experiments carried



out in 1979-1983. Second part explored transfer of selenium from feeds to
animal products in various experiments launched in 1982 and continuing to
late 1980’s. (e.g. Aspila 1991, Ekholm et al. 1991, Syrjadla-Qvist and Aspila
1993).

Transfer of fertilizer selenium to plants

Even though foliar application of selenium, either as sodium selenate or so-
dium selenite, turned to be taken up even several times more efficiently by
the plants than respective selenium application in fertilizers, there are several
risks with foliar application. In foliar application selenium uptake by the crop
is depending on spraying conditions, stage of growth of the plants as well as
climate condition during and after the spraying. To apply selenium through
spraying needs normally an extra operation in the field, and consequently
results in extra costs, and therefore could result in that not all the crops would
be applied with selenium. Accurate dosing of such small quantities as sele-
nium is needed in foliar application can not be guaranteed under the farm
conditions.

In contrast to foliar application, fertilizer application is rather safe method for
selenium supplementation, because selenium is mixed into the commercial
fertilizers under controlled industrial conditions and the level of fertilizers
applied to the crops under the farming conditions is well controlled. In acid
soil conditions, common in Finland, selenium from sodium selenate is more
readily taken up by the plants than selenium from sodium selenite. Based on
this, it was obvious that sodium selenate is the most appropriate form of sele-
nium to be used in fertilizers. In the soil selenium is rapidly reduced to in-
soluble form and therefore risk for leaching of selenium into environment is
neglible.

Transfer of plant selenium to animal products

The most important selenium sources in Finnish human diet are milk and
meat products accounting altogether nearly 70 % of the total selenium intake,
both before and after starting applying selenium in fertilizers, as calculated
by Eurola et al. in 2003. Therefore it was important to study the transfer of
selenium from feeds to animal products. It was clear from the studies made in
1970’s that inorganic forms of selenium are inefficient in raising selenium
content in milk and meat. Therefore it was natural to choose organic plant
incorporated selenium as the major target for the research. Due to practical
reasons, foliar application of sodium selenite on growing grass or barley was
chosen to produce experimental feeds used as the source of organic selenium.
Target estimated by the research group, to have in fresh milk 20 pg of Se per
liter, can be reached either supplementing the ration of cattle by approxi-
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mately 1 mg Se / kg of feed DM as sodium selenite or 0.1 mg Se / kg of feed
DM as selenium fertilized feed. The latter nicely equalling with the dietary
requirement of cattle. Similar pattern between inorganic and organic sele-
nium sources occurs also in transfer of feed selenium to meat. At high or-
ganic selenium intake level milk selenium content tends to plateau at the
level of 43 pg of Se per liter of milk, i.e. only at the level of twice of the de-
sired level in milk (Aspila 1991). Therefore it is unlikely that there would be
a risk of detrimentally high level of Se in milk.

Fortification of selenium in fertilizers

To define the proper level of selenium in fertilizers different efficiency in
uptake between the various crops needs to be considered. Selenate selenium
from fertilizers is several times more efficient in increasing selenium content
in grasses than in cereal crops. In Finland the common practise is to use
multi-nutrient (NPK) fertilizers for the all field and horticultural crops, many
of the crops having specifically formulated fertilizers. Based on this, in 1984
the proper level of selenium in fertilizers was concluded to be 6 mg/kg in
fertilizers formulated for grasses and 16 mg/kg for those formulated for ce-
real and horticultural crops. The Ministry of Agriculture and Forestry also
appointed a working group to monitor selenium content and intake in feeds
and foods. Results from monitoring demonstrated nicely predicted changes in
human selenium intake. Nevertheless, obviously due to applying the fertiliz-
ers formulated for the cereal crops for grasses, levels above the requirement
were found in some feeds and animal products. Therefore, to avoid any risk
of unnecessary high selenium intake and any environmental risk, the level of
selenium in all fertilizers was reduced down to 6 mg/kg in 1990. This, on the
contrary, resulted soon in reduced dietary intake, and in 1998 the level of
selenium in all fertilizers was increased to present level of 10 mg/kg.

Future challenges in selenium supplementation

At the moment selenium intake in Finland in animals and in humans is within
safe and sufficient level. Only exception is production and products from
organic farms. The regulations in organic farming do not allow use of such
fertilizers which would be fortified with selenium. Because organic products
in general are regarded as safe and healthy products, low selenium content is
affecting their image adversely. This constraint still remains to be solved.

Key words: selenium, fertilization, foods, feeds, intake
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Increasing the selenium content of agricul-
tural crops: decisions and monitoring

Pirjo Salminen

Ministry of Agriculture and Forestry, Food and Health Department, P.O.Box 30, FI-00023
Government, Finland, pirjo.salminen@mmm.fi

Abstract

In Finland selenium has been added to fertilisers for 20 years. This has been
founded on comprehensive, long-term research and monitoring as well as
measures undertaken because of the results. The addition of selenium to fer-
tilisers in Finland may be considered an excellent example of good collabora-
tion between companies, research and authorities which has improved the
quality of Finnish food and raised the selenium intake from food to a suffi-
cient level in view of human and animal health.

In Finland the shortage of selenium in the nutrition of domestic animals was
detected as early as the 1950s and 1960s. The issue became topical again in
the 1970s, when the low selenium content in Finnish food had been proven in
extensive scientific studies. The selenium intake of the Finnish population
was below all recommendations. In December 1983 the Ministry of Agricul-
ture and Forestry set up a Selenium Working Group to draft a proposal con-
cerning the addition of selenium to the general fertilisers. Another task of the
Working Group was to draw up a research and monitoring plan for observing
the impacts of the added selenium on the soil, plants, feedingstuffs and food-
stuffs of plant and animal origin. The selenium intake of humans and animals
was also to be studied and monitored. The work group assessed the impacts
of the added selenium and, where necessary, gave proposals for revising the
selenium quantities to be added.

In accordance with the proposal of the Selenium Working Group, selenium
has been added to multinutrient fertilisers used in agriculture and horticul-
ture. At first the quantity added was 16 mg of selenium per kilo of fertiliser
for cereals and 6 mg/kg for grasses. In spring 1990 the Ministry of Agricul-
ture and Forestry decided, based on a proposal of the Selenium Working
Group, to lower the quantity of selenium to be added to solid multinutrient
fertilisers to 6 mg per kilo of fertiliser, and the addition of selenium to other
fertilisers was prohibited. This was done because the increase in the selenium
content in cereals and selenium intake was higher than expected. There was
also some uncertainty as to the possible environmental impacts of the added
selenium in fertilisers. The reduction led to a considerable decrease in the
selenium content of feedingstuffs, fodder cereals and domestic foodstuffs.
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The Finnish Fertiliser Act was amended in 1993, and the Decision of the
Ministry of Agriculture and Forestry issued under the Fertiliser Act in 1994
also adjusted the maximum allowable quantity of selenium in fertilisers. Now
6 mg of selenium as selenite could be added to multinutrient and inorganic
compound fertilisers intended for agriculture and horticulture. However, the
decision did not concern EC fertilisers.

In 1998 the Ministry of Agriculture and Forestry decided to commission the
Agricultural Research Centre of Finland (later MTT Agrifood Research Fin-
land) to carry out the selenium monitoring. The legislation on fertilisers was
last amended on the basis of a proposal of the Selenium Working Group in
1998, when the quantity of selenium to be added to inorganic compound fer-
tilisers for agriculture and horticulture was raised by a Decision of the Minis-
try of Agriculture and Forestry from 6 mg to 10 mg of selenite per kilo of
fertiliser. Again this decision did not concern EC fertilisers. The decision was
based on observations which showed that the selenium intake of domestic
animals and humans had decreased, first as a result of the reduction in the
selenium quantity in 1990, and then due to the decrease in the use of multinu-
trient fertilisers. The conditions for environmental support and restrictions on
the use of phosphorus had already clearly reduced the use of multinutrient
fertilisers so that the selenium quantity per hectare of arable land has been
decreasing.

The monitoring of selenium continues in Finland, but so far the Selenium
Working Group has given no indications to the Ministry of Agriculture and
Forestry of any need to adjust the selenium quantities in inorganic fertilisers
in the upcoming Fertiliser Product Act.

Key words: selenium, monitoring, legislation
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Technical solution adding selenium to
fertilizers

Heikki Hero

Kemira GrowHow Oyj, Mechelininkatu 1a, 00180 HELSINKI, Finland, heikki.hero@kemira-
growhow.com

Selenium is an essential microelement for animals and humans. After thor-
ough research, there was a move to add selenium to fertilizers as a selenate.
This is the form which plants can take in selenium from fertilizers through
the soil. The most suitable selenate is sodium salt, Na2SeO4, which contains
41% selenium.

Safe handling of selenates

A selenate is an oxidized form of selenium and metal selenium is used as a
raw material. There are only a few selenate producers in the world.

A sodium selenate is highly toxic - its LDso values are 1.6 mg/kg or 7 mg/kg
(oral dose). In this case, when two different values are shown, the lower is
used. This means, if an 80 kg man takes in 130 mg of selenate, there is a 50%
chance of death.

Sodium selanate is delivered as a solid salt, and is dissolved automatically in
a secure location to a 10% solution, which is the storage concentration. This
solution is stored where it will be mixed and/or transported to other plants in
1000-liter stainless steel containers. The containers are heavy-duty, and can
fall from the trailer without resulting in leaks. Sodium selenate and its solu-
tions are always stored in a safe, locked place. Only authorized persons
should have access to the storage area and handle these materials. For final
use, this 10% solution is further diluted to a 1% (Se) solution and pumped in
precise quantities into the fertilizer process.

16



Fertilizers are produced on a large scale (up to 90 tons/h) and 10g of sele-
nium is added to each ton of fertilizer. In the process, fertilizers are in slurry
form and the selenium solution is added to 33 m® mixing tank-type reactors.
Selenium 1is distributed in the fertilizers homogeneously, with its original
oxidized form remaining stabile.

Critical point

The selenate must be kept in its original form. When used in a normal fertil-
izer process, the conditions are safe, without any unwanted chemical reac-
tions. Reactions with some reducing agents and acids can be extremely dan-
gerous. Any reactions that may produce H,Se shall be prevented. H,Se is even
more dangerous than HCN.

Quality control

At Kemira GrowHow all fertilizers are analyzed. During the manufacturing
process chemical quality is controlled every 30 minutes. In order to ensure
quality, the quality is tested once more before delivery.

Selenium is analyzed as total Se from final products. The analysis is accurate:
The target value is 10 mg/kg fertilizer, the annual mean value is 9.8 mg/kg
by Kemira GrowHow’s analysis and 9.9 mg/kg according to official analysis
made by the Plant Production Inspection Center (KTTK) . All values range
between 9-11 mg/kg.

Conclusion

Adding selenium as a selenate into fertilizer is an effective, natural way to
correct the selenium balance in the human diet. The only safe and accurate
way to add selenium into fertilizers is to observe Finnish fertilizer legislation,
where this is specified: it is possible to add selenium as a selenate to multinu-
trients, inorganic compounds, garden and field fertilizers, 10 mg Se/kg fertil-
izer. This does not apply to EC FERTILIZERS.

The only safe way is to add selenates into the chemical process so that sele-
nium is homogeneously distributed throughout the fertilizer.

Key words: selenium, selenate, fertilizer
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Occurrence and chemistry of selenium in
Finnish soils

Helina Hartikainen

University of Helsinki, Department of Applied Chemistry and Microbiology, Box 27, 00014
University of Helsinki, Finland, helina.hartikainen@helsinki.fi

Abstract

Soil selenium is ultimately derived from the parent material in the bedrock,
wherefore its content is markedly dependent on the origin and geological
history of soil and dictated by the mineralogical characteristics of the parent
material, weathering degree of mineral constituents and soil formation proc-
esses. In Finland, the bedrock is characterized by an abundance of plutonic
and metamorphic rocks that are typically low in selenium. However, mineral
soils of contrasting texture can be expected to differ in their element concen-
trations, because the various particle-size classes differ in the mineralogy.
Generally, the clay fraction consists of minerals higher in selenium than min-
erals in the coarse fractions. Furthermore, the clay fraction is also rich in
aluminium and iron oxides that decrease the mobility of selenium through
their high sorption tendency. In organogenic soils, the native selenium con-
tent varies depending on the origin of the soil.

The chemical characteristics explain the low bioavailability of selenium in
Finnish soils irrespective of their total selenium content. Selenide in rocks is
oxidized during weathering predominantly to selenite. Only in arid regions
under very oxic condition it can be oxidized up to selenate. These two spe-
cies decisively differ in their reaction mechanisms and mobility. Selenate is
retained very weakly and is easily leached. Selenite, in turn, is specifically
retained on oxide surfaces by ligand exchange, which reduces its mobility
and bioavailability. Furthermore, our soils are high in organic matter, an effi-
cient electron source, wherefore selenate added in fertilizers will be easily
reduced to selenite and retained. This reaction patter diminishes the plant-
availability but, on the other hand, the leaching losses. Thus, we can conclude
that, similarly as with phosphorus, the main selenium losses from fields take
place with eroded soil particles transferred with surface runoff water. The
chemical retention in peaty soils is limited by the low amount of binding
metals and minerals. Selenium losses from our soils as volatile compounds
have been reported to be small.

Key words: selenium, bedrock, soil type, sorption reaction
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Introduction

The main source of selenium (Se) in biological systems and food chain is
soil. An important impetus to studies on occurrence of selenium and its geo-
chemical behaviour has been the double-edged role of this element in bio-
logical systems: it is essential to animals and humans but it is toxic at high
intake. Geochemical information is needed to overcome serious risks attrib-
utable to insufficient or excess intake. Furthermore, recently it has been
shown that, against the prevailing concept, at proper level selenium exerts
positive effects also on plants and can promote their growth (e.g. Hartikainen
et al. 2000, Xue et al. 2001, Turakainen et al. 2004). Because soil selenium is
ultimately derived from the parent material in the bedrock, its content is
markedly dependent on the origin and geological history of soil and dictated
by the mineralogical characteristics of the parent material, weathering degree
of mineral constituents and soil formation processes.

A worldwide atlas compiled by Oldfield (2002) shows that the geographical
selenium distribution in soils and rocks is very uneven, ranging from almost
zero up to 1250 ppm in some seleniferous soils in Ireland. Even though the
toxic levels in some areas originate from industrial operations including the
combustion of fossil fuels and sulphide ore mining, more often they occur
naturally. Experience with selenium in animal production has led to the rec-
ognition that on a worldwide scale, vast land areas do not supply enough of
this element for optimum animal nutrition. On global scale, selenium-
deficient areas seem to be far more common than toxic ones. Finland belongs
to these problem areas. However, no systematic mapping of selenium in our
bedrock and soils has been carried out. Therefore, this overview is a synthesis
of rather sparse published data and conclusions based on general biogeo-
chemical and chemical principles.

Origin of selenium in parent material

The mode of occurrence of selenium is dictated by its close relationship with
sulphur. The association of these elements in unweathered rocks and minerals
is attributable to the fact in the Periodical Table of Elements they belong to
the same (oxygen) group. Because their ionic radii are rather similar (17.4 nm
for S and 19.1 nm for Se”) selenium can replace sulphur in sulphides com-
monly formed with transition metals such as Fe, Zn, Cu, Ni etc. Much of the
selenium in the crust of the earth occurs in pyrite and other sulphide minerals
(Berrow and Ure 1989, ref. Seiler 1998). It should be noticed that in rock-
forming minerals selenium is not present in their structures but rather in the
accessory sulphide phase (Koljonen 1973a).
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Even though selenium often is volcanic by origin, in sedimentary deposits it
can be biogenic. Presser (1994) concluded that, in old sedimentary deposits,
the primary mechanism of selenium enrichment might have been the bioac-
cumulation in biota and biomagnification in food chain, followed by deposi-
tion and diagenesis of high-Se organic matter. Already in 1935 Byers (ref.
Seiler 1998) noticed the importance of reduced sulphur compounds and ma-
rine sedimentary rocks of Cretaceous age as sources of selenium in the west-
ern United States. Generally speaking, the high selenium soils largely come
from sedimentary deposits whereas the low selenium soils are typically de-
rived from igneous rocks (Tamari 1998).

Bedrock of Finland and soils derived from it

In Finland, the bedrock represents a deeply denuded section of the Pre-
Cambrian belts characterized by an abundance of plutonic and metamorphic
rocks (Simonen 1960). They are typically low in selenium. Scattered geo-
chemical studies on ores and minerals (Nurmi et al. 1991, Koljonen
1973a,b,c; 1974) indicate, however, that spotlike areas of moderate or rather
high concentrations may be found. Certainly, some regional variation in the
occurrence of selenium can be expected, because also the magmatic rocks
can markedly differ in this element. There is a tendency that the selenium
concentration decreases when passing from mafic to felsic and silicium richer
minerals, because also the concentration of sulphide forming metals simulta-
neously decreases. A positive correlation between selenium and the colour
index of the rock (see e.g Koljonen 1973b) is attributable to the relationship
with selenium and heavy metals in minerals. As a rule of thumb, the dark
minerals are higher in selenium than the light ones.

In Finland, bedrock is covered by a thin layer of glacial till and, in places, by
glaciofluvial deposits. On coastal areas the late- and postglacial marine and
brackish-water clay and silt deposits are common. In inland, fine-textured
sediments are mainly of lacustrine origin. A typical feature also is the abun-
dance of peatlands: they cover about one third of our land area. These facts
form a general frame for the occurrence of selenium in our soils.

Distribution of selenium in Finnish soils

Soils of contrasting texture differ in their element concentrations. This is
attributable to the fact that the various particle size classes differ in the min-
eralogical composition and sorption components. As expected, a general
finding is that the clay fraction is higher in selenium than the coarse ones.
The clay fraction consists markedly of micas, e.g. biotite, and related clay
minerals. Biotite is a black mineral relatively high in selenium (Koljonen
1973b). The coarser fractions are dominated by quartz and feldspars light by
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colour and, consequently, low in selenium. Furthermore, the clay fraction is
also much richer in aluminium and iron oxides than are the coarse particles.
These oxides are the main components for selenium sorption. That is why
the clay soils can be expected to contain more selenium added or released in
weathering processes than do the coarse-textured soils. This distribution pat-
tern in Finnish mineral soils has been confirmed by Sippola (1979) and
Ylaranta (1983). In organogenic soils the native selenium content varies de-
pending on the origin of the soil. According to Koljonen (1974) and Sippola
(1979) peat soils are very poor in selenium. Similarly, gyttjas formed in cal-
careous environment are low in selenium obviously because of shortage of
adsorbing metals.

Bioavailable selenium

As with many other soil-borne elements, total selenium is not a useful index
of plant-available selenium and cannot be used as a reliable parameter in risk
assessment or in determination of selenium supplementation need. This was
seen in the study of Oksanen and Sandholm (1970) who did not find any
correlation between forage crops and soil type in various part of Finland. On
the contrary, correlations between selenium in plant and soil can be found if
the relationship is investigated within various types of soils as done by Sip-
pola (1979). In organic soils, total selenium correlated much better with sele-
nium in plant than did acid ammonium-acetate-Na,EDTA extractable sele-
nium. A smaller difference in the correlation coefficients was found in clay
soils. The mobility and plant-availability of selenium in soil is controlled by a
number of chemical and biochemical processes: sorption, desorption, forma-
tion of inorganic and organic complexes, precipitation, dissolution and me-
thylation to volatile compounds.

In theory, Se exhibits a broad range of oxidation states: +6 in selenates, +4 in
selenites, 0 in elemental Se, and -2 in inorganic and organic selenides. It
also forms catenated species, such as volatile diselenides (RSeSeR). Interest-
ingly, during weathering of minerals the behaviour of sulphur and selenium is
dissimilar. Sulphide is readily oxidized into sulphate (SO,”), whereas se-
lenide normally remains to a lower oxidation stage, often elemental Se(0) or
can be further oxidized to selenite (SeOs>). The oxidation up to selenate
(SeO,™) presupposes that the environment is highly oxidative such as prevail-
ing e.g. in arid regions.

The main sorption components for anions in soils are hydrated aluminium
and iron oxides. Organic matter in soil does not retain anions directly even
though some retention to humic compounds can take place through their or-
ganometallic complexes possibly present. However, selenite and selenate
decisively differ in their reaction mechanisms. A general rule is that the ani-
ons of strong acids have a conservative behaviour and they are not sorbed on
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oxide surfaces. The anions of weak acids, in turn, tend to be sorbed on oxide
surfaces by a specific chemical mechanism, ligand exchange, where the anion
forms an inner-sphere complex with the oxide surface. Selenic acid is much
stronger than selenous acid, wherefore selenate is easily transported in the
soil profile, whereas selenite is efficiently retained to oxide surfaces and
therefore less available to plants. A low pH (rendering the surface charge of
oxides more positive) enhances the sorption reactions. That is why liming
increases the mobility of selenite as shown experimentally by Gissel-Nielsen
and Hamdy (1977). Also a high salt concentration in the soil solution favours
the sorption reactions.

At low redox potential, selenate is reduced to selenite, which decreases the
mobility of this element. Finnish soils provide a good environment for the
reduction reactions, because our soils are high in organic matter, an effective
source of electrons. Furthermore, especially in the fine-textured soils the gas
exchange between soil pores and atmosphere is often limited, which contrib-
utes to formation of reductive conditions. This means that selenate added
with fertilizers will be reduced to selenite and retained to soil particles. The
findings made in practice agree with the theory: selenium fertilization should
be repeated every growing season, because the plant-availability cannot be
maintained long. On the other hand, the reduction tendency of selenate di-
minishes the risk of selenium leaching. However, selenium may be trans-
ported to surface waters with the eroded soil particles. Thus, chemistry of
selenite resembles that of phosphate. According to Yldranta (1982) the vola-
tile losses of selenium from Finnish soils are very small. However, he noticed
that liming and addition of organic matter enhanced the selenium volatiliza-
tion obviously through enhanced microbiological activity.

Acid sulphate soils —special problem areas

Even though detailed maps on selenium in our soils are not available, veteri-
nary reports about the spread of nutritional muscular degeneration (NMD) in
Finland since 1933 provides indirect information about bioavailable sele-
nium. Isolated cases of disease occurred in 1950°s throughout the country,
but it was most frequently observed in the coastal areas of Gulf of Bothnia
and especially in Ostrobothnia (Oksanen 1965). In these areas, acid sulphate
soils are common. They are bottom sediments of Baltic Sea deposited during
the Littorina stage when the water was salty and warm, and the primary pro-
duction in sea water was high. When the large biomass settled down to the
sea bottom and decomposed, it used up the free O, in the hypolimnion, and
the reduced conditions allowed the formation of iron sulphide and pyrite.
From this we could conclude that, as being marine by origin and high in sul-
phide precipitates, they are relatively high also in selenium. Thus, the most
frequent occurrence of selenium problems in domestic animals found on
these soils seems to disagree with their geological history. Similarly, the vet-
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erinary reports are inconsistent with the later finding by Lahermo et al.
(1998) that elevated concentrations of total selenium in stream sediments
were found on Vaasa area in Ostrobothnia.

It is likely, however, that this contradiction is apparent and attributable to
chemistry of selenium dictating its bioavailability. Littorina soils are typically
very acid, high in soluble electrolytes and iron. All these edaphic factors are
known to increase the retention tendency of selenium. However, an addi-
tional factor contributing to the deficiency symptoms in these soils could be
the high sulphate concentration found to depress the uptake of selenium by
plants in salt-affected soils (Wu and Huang 1991). Thus, numerous environ-
mental factors control the availability of selenium to plants and, conse-
quently, the selenium intake by animals and humans.

References

Gissel-Nielsen, G. & Hamdy, A. A. 1977. Leaching of added selenium in soils
low in native selenium. Zeitschrift fir Pflanzenernahrung und Bodenkultur
140: 193-198.

Hartikainen, H., Xue, T. & Piironen, V. 2000. Selenium as an anti-oxidant and
pro-oxidant in ryegrass. Plant and Soil 225: 193-200.

Koljonen, T. 1973a. Selenium in certain igneous rocks. Bulletin of the Geo-
logical Society of Finland 45: 9-22.

Koljonen, T. 1973b. Selenium in certain metamorphic rocks. Bulletin of the
Geological Society of Finland 45: 107-117.

Koljonen, T. 1973c. Selenium in certain sedimentary rocks Bulletin of the
Geological Society of Finland 45: 119-123.

Koljonen, T. 1974. Selenium in certain Finnish sediments. Bulletin of the
Geological Society of Finland 46: 15-21.

Lahermo, P., Alftan, G. & Wang, D. 1998. Selenium and arsenic in the envi-
ronment in Finland. Journal Environmental Pathology, Toxicology and
Oncology 17: 205-216.

Oksanen, H. 1965. Studies on nutritional muscular degeration (NMD) in ru-
minants. Acta Veterinaria Scandinavica, supplementum 2.

Oksanen, H.E. & Sandholm, M. 1970. The selenium content of Finnish forage
crops. The Journal of Scientific Agricultural Society of Finland 42: 251-
254.

Oldfield, J.E. 2002. Selenium world atlas. Selenium-tellurium development
Association (STDA). (www.stda.org)

23



Presser, T. 1994. Geologic origin and pathways of selenium from the Califor-
nia Coast Ranges to the west-central San Joachim Valley. In: Franken-
berger W.T.Jr. & Benson S. (eds.). Selenium in the Environment. pp. 139-
155.

Nurmi, P.A., Lestinen, P. & Niskavaara, H. 1991: Geochemical characteristics
of mesothermal gold deposits in the Fennoscandian Shield, and a com-
parison with selected Canadian and Australian deposits. Geological Sur-
vey of Finland, Bulletin 351: 101 p.

Seiler, R.L. 1998. Prediction of lands susceptible to irrigation-induced Sele-
nium contamination of water. In: Frankenberger, W.T. Jr & Engberg, R.A.
(eds.). Environmental chemistry of selenium. Marcel Dekker Inc, New
York, pp. 397-418.

Simonen, A. 1960. Pre-Quaternary rocks in Finland. Bulletin de la Commis-
sion géologique de Finlande 191. 49 p. 1 map.

Sippola, J. 1979. Selenium content of soil and timothy (Phleum pratense L.)
in Finland. Annales Agriculturae Fenniae 18: 182-187.

Tamari, Y. 1998. Methods of analysis for the determination of selenium in
biological, geological, and water samples. In: Frankenberger, W.T. Jr,
Engberg, R.A. (eds.). Environmental chemistry of selenium. Marcel Dek-
ker Inc, New York, pp. 27- 46.

Turakainen, M., Hartikainen, H. & Seppanen, M. 2004. Effects of selenium
supplied on potato growth and concentrations of soluble sugars and
starch. Journal of Agricultural and Food Chemistry 52: 5378-5382.

Wu, L. & Huang, Z.Z. 1991. Selenium accumulation and selenium tolerance
of salt grass from soils with elevated concentrations of Se and salinity.
Ecotoxicology and Environental Safety 22: 267-282.

Xue, T., Hartikainen, H. & Piironen, V. 2001. Antioxidative and growth-
promoting effect of selenium on senescing lettuce. Plant and Soil 237: 55—
61.

Ylaranta, T. 1982. Volatilization and leaching of selenium added to soils.
Annales Agriculturae Fenniae 21: 103-113.

Ylaranta, T. 1983. Selenium in Finnish agricultural soils. Annales Agriculturae
Fenniae 22: 122-136.

24



Influence of selenium fertilization on soil
selenium status

Markku Yli-Halla

MTT Agrifood Research Finland, Environmental research, Soils and Environment, FIN-31600
Jokioinen, Finland, markku.yli-halla@mtt.fi

Abstract

Selenium (Se) has been applied to Finnish agricultural soils in mineral fertili-
zers as sodium selenate since 1985. Usually, less than 10% of applied Se is
taken up by the crop. Previous studies indicate that the level of easily soluble
(hot water extractable) Se has not been elevated during the period of Se fer-
tilization. It is assumed that Se not taken up by the crop is mostly retained by
the acidic soil. In this study, Se balance over the period of 13 years (1992-
2004) was calculated on the basis of crops grown and fertilizers used in 48
fields of 10 research stations at different parts of Finland. The material con-
sisted of 10 organogenic soils, 18 coarse mineral soils and 20 clay and silt
soils. The pH(H,0) of the soils was 4.6 — 6.9 (mean 5.9). The soil samples
taken from these fields in 1992 and 2004 were analysed for aqua regia (AR)
extractable Se, which indicates the semi-total Se concentration. These results
were also converted to grams per hectare by multiplying the AR extractable
results with the volume weight of the soil in order to compare them with the
Se balance of the respective fields.

The cumulative Se application was on average 37 g/ha (range 3 — 78 g/ha)
during the 13-year period. Highest applications took place in intensive grass-
land cultivation. Se applications resulted in the estimated balance of 31 g
Se/ha (range 2 — 67 g/ha). The average concentrations of AR extractable Se
in the samples taken in 1992 were 0.393 mg/kg in organogenic soils, 0.148
mg/kg in coarse mineral soils and 0.211 mg/kg in clay and silt soils. These
results corresponded to 516, 363 and 470 g/ha in the three soil groups, re-
spectively. According to soil analyses, the Se content of a 23-cm deep plough
layer was on average 23 g/ha higher in 2004 but the difference was not statis-
tically significant. It was concluded that the possible accumulation of Se in
soil occurring during the 13-year period was masked by the heterogeneity of
the sampled fields and could not yet be detected by soil analyses. — The bal-
ance, calculated from fertilizer use and estimated crop uptake, corresponded
to 8% (range 0.7 — 22%) of the Se content of the plough layer.

Key words: soil, selenium, fertilization, soil monitoring, aqua regia extrac-
tion
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Introduction

In order to elevate selenium (Se) concentration of crops, sodium selenate
(Na,SeO,) has been applied to agricultural soils of Finland in mineral fertiliz-
ers since 1985. The results of Yldranta (1990) and Ekholm et al. (1995) indi-
cate that more than 90% of applied Se is not taken up by the crop. Annual
application of Se in cereal cultivation has varied between 3 and 8 g/ha, which
during 20 years has resulted in the cumulative addition of about 100 g Se/ha.
In intensive grassland cultivation, application of fertilizers is more abundant,
having resulted in the cumulative addition of 150 g Se/ha. According to soil
surveys, water-extractable Se has remained unchanged in spite of Se fertiliza-
tion. In samples collected before the Se application, a concentration of 0.011
mg/l (N=250) was reported (Sippola 1979), and in another material collected
after 14 years of Se fertilization the concentration was 0.010 mg/l (N=705,
Mikeld-Kurtto and Sippola 2002). Neither did soil test results (Yldranta
1990) indicate any trend in the water-extractable Se concentration (1982-
1984: 0.0074 mg/1, N=2300) and after (1985-1989: 0.0077 mg/l, N=1300). Se
concentration in surface waters has not increased either (Wang et al. 1994). It
is likely that Se is not leached or volatilized from the acidic mineral soils of
Finland (Yliranta 1982) but it is reduced to selenite and adsorbed in the soil.
Supporting the sorption hypothesis, the impact of Se application on plant Se
concentration has diminished quickly in pot experiments (Yldranta 1983b,
Yli-Halla et al. 1996) where leaching has been prevented. Only in organo-
genic soils has leaching of Se and, to some extent, volatilization been re-
ported (Yldranta 1982)

According to Sippola (1979), concentrations of total Se in soil amounts to
about 0.2 mg/kg, corresponding to about 460 g Se/ha in a 23-cm deep plough
layer. However, the concentration in organogenic and coarse mineral soils
has been lower, corresponding only to 200 and 380 g Se/ha, respectively. In
clay soils, the Se content has been about 750 g/ha (Sippola 1979). The theo-
retical accumulation of fertilizer Se during 20 years implies a substantial
increase to the total Se content of some soils: 90 g Se/ha in cereal cultivation
and 130 g/ha in intensively managed grasslands if about 90% of applied Se is
retained in the soil. The purpose of this preliminary study was to estimate the
Se balance of 48 fields, the crops and fertilization history of which were
known and to investigate whether the residual Se can be recovered in the soil
using samples, which had been subjected to Se applications for several years.
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Material and methods

The soil samples of this study originated from ten research stations
(Jokioinen, Laukaa, Maaninka, Mietoinen, Mikkeli, Pdlkdne, Rovanie-
men mlk, Ruukki, Sotkamo, Ylistaro) of MTT. The first set of samples
had been collected in 1992 for soil monitoring (Urvas 1995) and had
been strored air-dry in cardboard boxes. The same fields were sampled
again in autumn of 2004 for this study. The material consisted of 10
organogenic soils, 18 coarse mineral soils and 20 clay and silt soils. The
pH(H,0), organic carbon concentration and clay content of these soils
(Table 1), measured in the samples of 1992, was obtained from Urvas
(1995). Se-containing fertilizers were predominantly applied during the
13-year period to these fields, even though there were a few fields,
which were fallowed for a number of years or were in organic cultiva-
tion with no Se application. The crops grown and fertilization applied
were collected from the records of the research stations. On this basis,
Se application in mineral fertilizers was calculated. Se balance was es-
timated using average yields and Se concentrations of the crops, ob-
tained from the records of Se monitoring programme.

Table 1. Mean values and ranges (in parentheses) of organic carbon
(C) concentration, clay content and pH(H>O) in the soil samples col-
lected from the different research stations of MTT in 1992 and 2004.
Data from Urvas (1995). N = number of samples. Not determined = n.d.

Soil group N Organic C, % Clay content, % | pH(H,O)

Organogenic 10 24.9 (14.6-39.7) | n.d. 5.3 (4.6-5.8)
Coarse 18 2.9(1.6-5.3) 5(0-14) 6.2 (5.3-6.9)
Clay and silt 20 3.6 (1.7-11.3) 44 (14-85) 5.9 (4.7-6.7)

The soil samples were analysed for aqua regia (AR) extractable Se
(ISO 11455). In that method, soil samples are boiled with a mixture of
concentrated HC1 and HNO; for 2 hours using a reflux condenser. Se
was measured according to a hydride method with Varian SpectrAA-
300 Plus atomic absorption spectrophotometer. All determinations were
made in February 2005. The detection limit corresponded to 0.017 mg
Se/kg and the mean deviation for the results of replicated determina-
tions was 6.8%. The AR extractable Se reflects the semi-total concen-
tration of Se in soil. In order to relate the AR extractable Se concentra-
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tions to the results of earlier studies, 26 soil samples were also digested
with HNOs;-HCIO,-HF (HHH method), which has been used for the
determination of total Se in larger soil materials (Sippola 1978, Ylaranta
1983a). To convert the results obtained as mg/kg to mg/l of soil, the
volume weight of the soil was determined by weighing 25 ml of each
soil sample. Expression of results as mg Se per litre of soil allows calcu-
lation of the Se content of the approximately 23-cm deep plough layer
and a comparison between the Se content of soil and the Se balance,
which was calculated from the crops grown and fertilizers used.

Results and discussion

The results in Table 2 show that AR dissolved practically equal amounts
of Se from organogenic soils (range 87-113%) and from coarse mineral
soils (range 85-115%) than did HNOs;-HClO4-HF, while only 77%
(range 69-85%) of Se in the clay and fine silt soils was extracted with
AR. It is likely that the clay and silt soils had more Se incorporated in
the mineral interiors, not attacked by AR.

Table 2. Concentrations of Se (mg/kg) extracted from soil samples with
HNO3;-HCIO,-HF (HHH) and aqua regia (AR). N = number of samples.

Soil group N HHH AR t-value
Organogenic 10 0.30 0.29 n.s.
Coarse mineral | 10 0.16 0.17 n.s.
Clay and silt 6 0.30 0.23 5.33*

The average concentrations of AR extractable Se in the samples taken in
1992 were 0.393 mg/kg in organogenic soils, 0.148 mg/kg in coarse
mineral soils and 0.211 mg/kg in clay and silt soils (Table 3). The Se
concentrations of the present coarse mineral soils of 1992 were close to
the average of 0.166 mg Se/kg reported by Sippola (1979). In turn, the
present organogenic soils had more than double the concentration pub-
lished by Sippola (1979)(0.169 mg/kg, N=55). However, the average of
19 organogenic soils published by Yliranta (1983a)(mean 0.464 mg/kg)
was even higher than the value obtained now. Organogenic soils thus
seem to be highly variable in AR extractable Se. If it is assumed that in
clay and silt soils AR extracts 77% of Se which is dissolved by the
HHH method, the present clay and silt soils of 1992 compare well with
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the value (0.276 mg Se/kg) calculated from the results of Sippola
(1979).

Table 3. Mean concentrations and ranges (in parentheses) of Se ex-
tracted from soil samples with aqua regia, and Se contents in a 23-cm
deep plough layer. N = number of samples.

Soil N Se, mg/kg Se, g/ha Difference,
group g/ha
1992 2004 1992 | 2004 | 2004 — 1992

Organo- | 10 0.393 0.411 516 | 536 20
genic

(0.200 - 1.120) | (0.170—-1.110) (-132-257)
Coarse 18 0.148 0.149 363 388 25
mineral

(0.060 — 0.280) | (0.040 —0.245) (-106 — 178)
Clay 20 0.211 0.225 470 | 492 22
and silt

(0.070 — 0.420) | (0.070 —0.445) (-127 -159)
All 48 0.229 0.235 440 | 463 23

The difference of the Se concentrations in 1992 and 2004 was converted
to g/ha using the volume weights of the soil samples and assuming that
the volume of the plough layer is 2,300,000 dm’. The average differ-
ence (Table 3), corresponding to 23 g/ha (median 10 g/ha), was quite
similar in all soil classes. Se application was on average 37 g/ha during
the 13-year period (Table 4) and it resulted in the estimated balance of
31 g Se/ha (median 28 g/ha). The highest applications took place in
intensive grassland cultivation, usually with several applications of
mineral fertilizers annually. The balance corresponded to 8% of Se con-
tent, measured in the soil samples of 1992. According to the balance,
the highest relative additions of soil Se was 22%, taking place in a silt
low in Se. There were also 5 other results, all in mineral soils, where the
balance was 15% or more of the original Se content.
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The relatively close agreement between the mean difference of AR ex-
tractable Se concentrations (23 g/ha, Table 3) and 2004 and the calcu-
lated balance (31 g/ha, Table 4) seems to be coincidental. The average
of the differences (2004-1992) consists of a range of -132 g/ha to +257
g/ha, and as many as 16 of the results were beyond £100 g/ha. The dif-
ference calculated from the measured Se concentrations was not in a
statistically significant correlation with the calculated Se balance. The
Se addition to soil in farmyard manure doesn't explain this result, since
lower Se concentrations in 2004 than in 1992 occurred equally fre-
quently in soils receiving manure and in other soils.

Table 4. Mean values and ranges (in parentheses) of Se application in
mineral fertilizers in 1992-2004 and Se balances, estimated from the
amounts of fertilizer Se, yields and Se concentrations of the crops. The
balance is also related to the Se content of the plough layer in 1992. N
= number of samples.

Soil group N Se applied Se balance Balance/ Se in
g/ha g/ha 1992, %

Organogenic | 10 | 46(25-67) | 37(21-53) | 8.0(1.8—11.3)

Coarse 18 29 (3-78) 24 (2-67) | 7.3(0.7-16.8)

Clay andssilt | 20 | 39(12-71) | 33(11-58) | 8.4(3.3-22.4)

All 48 37 31 8.1

The inconsistent difference of the AR extractable Se contents of the
plough layer between 1992 and 2004 is at least partly attributable to the
fact that, in spite of maps of the monitoring sites, the sampling locations
have not been exactly the same in the two years. This can be concluded
from the volume weights of quite a few samples. Even though the vol-
ume weights correlated strongly in 1992 and 2004 (r=0.934), there were
12 sites, out of the 48 sites, where the volume weight had changed by
more than +£10%. Particularly, in six organogenic soils, large changes (-
23%, -22%, -21%, -18%, -12%, +31%) took place, suggesting different
location sampled in 1992 and 2004. However, discarding these sample
pairs most deviating in volume weight did not improve the correlation
between the difference of the AR extractable Se concentrations and the
calculated Se balance.
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Conclusions

The Se balance over 13 years, calculated from fertilizer use and esti-
mated crop uptake, corresponded to 8% (range 0.7 — 22%) of the Se
content of the plough layer. On the basis of the present soil analyses,
accumulation of residual fertilizer Se, applied as sodium selenate, could
not be confirmed in any of the soil groups. This result is most likely
attributable to the fields not being homogeneous enough to allow a reli-
able detection of residual Se at this level of accumulation. This outcome
also demonstrates that Se application as selenate has, at least in a short
time, a relatively small impact on AR extractable Se concentration of
soil. Aqua regia, as a strong extractant, dissolves a major part of the
native Se incorporated in unweathered soil minerals, therefore, allowing
the spatial variability of parent material to have a major impact on the
results. Other extractants, such as ammonium oxalate, may be worth
testing in the determination of residual Se, associated with the surfaces
of soil particles and thus being more selective for added Se. This solu-
tion has extracted on an average 26% and 13% of total Se of mineral
and organogenic soils, respectively (Yldranta 1983a). Reducing the
impact of the native heterogeneity of soil is crucial in the further studies
on the recovery of residual fertilizer Se.

Table 5. Volume weights (kg/l) of the soil samples collected in 1992 and
2004. Mean values and ranges, presented in parentheses, are given. N
= number of samples.

Soil group N Volume weight Change in vol-
ume weight %
1992 2004
Organo- 10 0.60 0.58 -4 (-23-31)
genic
(0.38-0.88) (0.29 -0.76)
Coarse 18 1.08 1.15 6(-13-19)
mineral
(0.96-1.26) (0.89 -1.33)
Clay and silt | 20 0.95 0.96 2 (-12-10)
(0.73 - 1.10) (0.75-1.10)
All 48 0.92 0.94 2
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Various components of artificial fertilizers may leach into natural wa-
ters and cause harmful effects for the environment like eutrophication.
Selenium in the form of sodium selenate has been added to artificial
fertilizers in Finland since 1985. The amounts of Se used annually in
fertilizers during 1985-1990, 20 tons and during 1991-1998, 7.6 tons,
are comparable with the total fallout of Se from precipitation, estimated
to be 18 tons in 1989 (Wang et al. 1993). Concern about possible bioac-
cumulation of selenium in the water ecosystem gave rise to monitoring
of waters in Finland. Studies on selenium in waters commenced in
1990, and thus had not been done before the selenium fertilization
started.

Selenium concentrations of tap water, groundwater, lake and river wa-
ters and lake and river sediments collected during 1990-1992 disclosed
no obvious environmental effects that could be ascribed to selenium
fertilization (Alfthan et al. 1995, Wang et al. 1991; 1994; 1995). Com-
parison of the total selenium levels in environmental samples showed
them to be generally lower than in other European countries. A follow-
up study was done in 1997-1999 on the seasonal variation of water se-
lenium from 14 rivers and lake sediments from seven lakes (Eurola and
Hietaniemi 2000). During 1997, the mean Se concentration of river
waters was lowest in June (92 ng/)l and highest in August (119 ng/l).
The mean values were similar to those measured in 1990 to 1992. The
results for both water and sediment Se concentrations are shown for
samples taken in 1992 and 1999, Table. The mean water Se concentra-
tion did not differ between the two sampling years. The mean selenium
concentrations of the sediment top layers sampled in 1999 were only
slightly lower than in 1992. In five of the lakes, the Se concentration in
sediments was higher in the top layers than the bottom layers, approxi-
mately corresponding to the time after and before fertilization started,
but the Se concentration had already started to increase during the first
half of the 1900s (Wang et al. 1995).
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Table 1. Lakewater and sediment selenium in the 20th century.

Lake Trophic Water Water Sediment Sediment Sediment
level 1999 1992 Bottom 1999 Top 1999 Top 1992

ng/l ng/l mg/kg mg/kg mg/kg
Pyhéjérvi + 115 81 0.18 0.23 0.23
Villikkalanjérvi + 162 113 0.23 0.16 0.27
Kyo6lionjarvi + 116 59 0.31 0.45 0.35
Onkivesi + 91 58 0.26 0.37 0.26
Padjarvi + 99 143 0.71 0.49 1.05
Iso-Hietajérvi - 40 34 1.16 2.06 2.03
Pesosjérvi - 52 89 2.95 2.82 3.64
Mean 96 82 0.82 0.94 1.12

mg/kg = dry weight
Bottom sediment 1999 is mean of sediment layers below 20 cm representing the 19" century.

Xenobiotics accumulate in aquatic organisms and especially in preda-
tory fish. We studied the relationships between selenium in perch, water
and sediments according to the trophic state of 26 lakes (Wang et al.
1995). The selenium concentrations of perch and surfacial and preindus-
trial sediments were stronly interrelated and associated with trophic
state of the lakes, Figure. The total water selenium concentration was
not associated with any of the other factors.

3 Eutrophic
= Mesotrophic

25
u Oligotrophic
2 p
1.5 1
1 p
I i s
0 ‘ ‘ ‘

Fish Surfacial Preindustrial Water
sediment sediment

Fig. 1. Selenium concentration of perch and lake water and sediments
according to trophic state of lakes.
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In conclusion, obvious effects on the water ecosystem from Se supple-
mentation of fertilizers have not been observed to date. Transport and
distribution of selenium in the aqueous environment is complex and
data should be interpreted with caution.
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Interest in selenium as an essential micronutrient for human beings
arose in the 1960s after it had been found to protect against several diet-
related conditions in animals. In early human studies, blood and plasma
levels of the element were determined in attempts to assess selenium
status (Allaway et al.1968, Burk et al. 1967). However, no reference
values were available, so interpretation of those results was difficult.

Functional measurement of selenium became possible when, in 1973,
the element was discovered to be an essential constituent of liver glu-
tathione peroxidase (GPX) in the rat (Rotruck et al. 1973). GPX activ-
ity was also present in plasma so measurement of it there was used as an
accessible biomarker of selenium status in human beings (Yang et al.
1987). Plasma activity has been shown to be due to the extracellular
GPX, which was designated as GPX-3. The major tissue form of GPX
is a different gene product, GPX-1.

In addition to GPX-3, selenoprotein P is present in plasma (Burk and
Hill 2005). Thus, 2 selenoproteins are available in plasma for measure-
ment. They serve as ‘functional’ forms of selenium and, together with
measurement of selenium, have been used as indexes of selenium nutri-
tional status. GPX activities in the red blood cells and platelets have
also been used as markers of selenium status but are employed infre-
quently.

In 1979 Chinese scientists reported that administration of selenium to
children in a low-selenium area prevented the development of Keshan
disease, a cardiomyopathy (Keshan Disease Research Group 1979).
Following this the U.S. National Research Council listed selenium as
essential and indicated that an intake of 50-200 pg per day was safe and
adequate (National Research Council 1980).

Based on another study in China carried out in 1983 (Yang et al. 1987),

the National Research Council set recommended dietary intake values
of 70 ug per day for men and 55 pg per day for women in 1989 (Na-
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tional Research Council 1989). These figures were revised in 2000 to
55 pg per day for men and women (Institute of Medicine 2000).

In 2001 we carried out a selenium supplementation study in a low-
selenium area of China (Xia et al. 2005). Two forms of selenium, se-
lenite and selenomethionine, were supplemented at levels up to 66 pg
selenium per day for 20 weeks. Both plasma selenoproteins were
measured to assess selenium nutritional status.

Plasma GPX activity became optimized with supplementation of 37 ug
selenium as selenomethionine. Dietary selenium intake was 10 ug per
day so a total intake of 47 pg per day optimized this selenoenzyme,
confirming the results of the study done in China in 1983. Selenopro-
tein P did not become optimized with supplements of selenomethionine
as high as 61 pg selenium per day, however. The effect of selenite was
approximately half that of selenomethionine for a given dose of sele-
nium.

These results indicate that a higher selenium intake is needed to opti-
mize selenoprotein P than is needed to optimize plasma GPX activity.
Because these plasma selenoproteins are surrogates for selenoproteins
in tissues, the failure to optimize selenoprotein P suggests that some
tissue selenoproteins were not optimized by the supplements given.
Thus, a higher selenium intake than was given in this study will be
needed to optimize all selenoproteins. An additional study will be
needed to determine how much selenium is required to optimize seleno-
protein P.

In conclusion, it appears from the study published this year that the
recommended dietary allowance for selenium will need to be increased.
Also, selenium in selenomethionine appears to be more bioavailable
than selenium in selenite.
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Abstract

The selenium (Se) content of 13 basic Finnish food items has monitored
regularly since the beginning of the use of Se supplemeted fertilizers 20
years ago. This operation was found to increase the Se contents of all
foods, and the average daily intake increased also to an adequate level.
The fertilization practice is found to be safe, because the plants act as
effective buffers against too high Se contents. The fertilization practice
is also found to be adjustable, because the Se contents of food respond
to the amount of Se in the fertilizers.

Key words: selenium, food, intake

Introduction

In 1984 the Ministry of Agriculture and Forestry made a decision that
mutlielement fertilizers should be supplemented with sodium selenate.
The supplementation was made to all granulas NPK-fertilizers; 16 mg
Se/kg fertilizer for the grain production, and to 6 mg Se/kg for grassland
crops. The supplementation practice was simplified at the beginning of
1991 by lowering the Se supplementation level to 6 mg/kg in all fertil-
izers. The amount of Se was then added to 10 mg/kg since 1998. The
original target was to increase the Se content of Finnish cereal grains to
0.1 mg/kg dry matter (DM) and also the average daily Se intake to the
range considered as safe and adequate; 0.05-0.2 mg/day (Food and Nu-
trition Board, 1980). Together with the Se supplementation of fertilizers
an extensive monitoring of the Se content of 13 Finnish basic food
items was begun.

The decision of Se supplementation was made, because in the 1970’s it
was shown that all Finnish agricultural products contained exceptionally
low amounts of Se (Koivistoinen, 1980). The average daily Se intake
varied somewhat according to the extent of grain imports in Finland, but
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in general it was as low as 0.025 mg/10 MJ. The inadequate Se intake
was also a serious problem in animal husbandry (Oksanen, 1980). Se-
vere nutritional disorders were common and they could be effectively
treated with Se and vitamin E. Therefore, all commercial animal feeds
had been supplemented with selenite since 1969 in Finland.

Effect of Se supplementation on food Se

Grain: The effect of Se-supplemented fertilization on cereal grains was
distinct. The se contents of spring cereals (spring wheat, oats, and bar-
ley) increased 20-30-fold during the years when two supplementation
levels were in use. After using only the lower of the original supplemen-
tation levels since 1991, the Se contents of spring cereals decreased to
about 10-fold higher compared with the level common before the Se
fertilization. Since the raising the Se supplementation level to 10 mg/kg
fertilizers increased the Se level of spring cereals to the level, which is
15-fold higher than before the Se fertilization practice (Fig 1.).

The increase in winter cereals (rye and winter wheat) was considerably
less, the contents varying between 0.02 and 0.07 mg/kg during the years
1985-1995, this was 2-7-fold higher compared with the level common
before the Se fertilization. The reason for this difference is, that winter
cereals are usually given only light Se supplemented multimineral fer-
tilization in the fall during sowing, while nitrogen fertilizers without Se
was applied in the spring. Selenate reduced to selenite during the winter
and thus bound to the soil. The Se content of winter cereals has in-
creased to the average 0.1 mg/kg DM since the nitrogen fertilizers are
supplemented with Se (Fig 1.).
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Fig. 1. Se content of cereal grains in Finland.

The Se content of flour and bread are quite similar. Finland occasionally
imports grain because of an inadequate or low-quality harvest, and do-
mestic grain and imported grain are mixed for milling. Because of that,
the Se content of grains differs sometimes from that of flours and
breads. The Se content of European cereals varies usually between 0.02
and 0.050 pg/kg DM and that of North American cereals between 0.2
and 0.5 mg/kg (Varo and Koivistoinen, 1981).

In 1985-1990 cereal products contributed about 20% of the total daily
Se intake of the population. The adjusting the Se supplementation
amount has affected the Se content of grains, and the contribution of
cereals to the Se intake has decreased to 16% in the year 2004.

Meat: The se content of beef produced in Finland in the mid-1970’s
was low. An average content of about 0.05 mg/kg DM. Pork contains
more Se. In Finland the average level in the 1970’s was about 0.2 mg/kg
DM. Even this level was low compared to the reported values from
other countries.

The effect of Se fertilization on the Se contents of beef and pork was
very clear. During 1985-1990, beef contained an average of 0.51 mg
Se/kg DM, which was about 13-fold higher than the figure for 1975/77.
The average Se content of pork during 1985-1990 was about 4-fold
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higher than during 1975/77. Reduction of the amount of Se in the fertil-
izers decreased the Se contents of beef and pork meat significantly. The
Se content of beef and pork in 2004 was about 6-fold and 2-fold, re-
spectively, compared to the common level before the beginning of the
Se fertilization (Fig 2).
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Fig. 2. Se content of beef and pork in Finland.

Meat and meat products are an important dietary source of Se in
Finland. The contribution to the total Se intake was about 40% in the
beginning of the 1990’s and it was about 35% in the year 2004.

Dairy products and eggs: In the mid-1970’s the selenium con-
centration of milk was very low, about 0.003-0.004 mg/l. It
slowly increased in the early 1980’s, probably because of increas-
ing use of selenite-containing commercial feeds and mineral con-
centrates and Se medication of cattle. The effect of Se-
supplemented fertilizers on milk composition was rapid and sub-
stantial. Se-supplemented fertilizers were used for the first time in
May 1985. The milk samples collected in June 1985 already con-
tained nearly 2-fold higher Se content. During the first years of Se
fertilization the Se content of milk fluctuated with the season,
being about 15% lower in the outdoor season than in winter. The
seasonal variation became smaller in later years, and in 1990 it
was almost undetectable. During the last years the about 20%
seasonal variation is seen again. After the adjusting the Se-
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supplementation levels the changes in the Se content of milk were
also seen very quickly (Fig 3).
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Fig. 3. Se content of milk in Finland.

The Se content of eggs was relatively high, about 0.45 mg/kg DM, al-
ready in the middle of the 1970’s because of the use of Se-enriched
feeds. After 1985 the content gradually rose to the level of 1,2 mg/kg
DM, and deceased again to 0.8 mg/kg. The contribution of dairy prod-
ucts and eggs to the total Se intake was over 25% when the Se content
of cereals was higher. The present contribution to the total Se intake is
about 30%. The foods of animal origin contribute over 70% of the total
Se daily intake. The significance of animal foods from the Se intake has
increased remarkably.

Dietary intake: The average daily Se intake in the middle of the
1970’s, when grain was not imported, was as low as 0.025 mg/person.
In the early 1980’s, when grain was imported, the intake was 0.04-0.05
mg/day. However most of the time the Se intake was below the lower
limit considered as safe and adequate. The Se supplementation of fertil-
izers affected the average intake substantially. A plateau during the
years 1986-1990 was 0.11-0.12 mg/day. During the years 1992-1997
the Se intake was 0.079 mg/10 MJ in average, and the trend was de-
creasing. In the year 1998 the Se amount in the fertilizers was increased
and that increased also the average daily Se intake. In the 2000’s the
average daily Se intake has been about 0.07-0.08 mg/10 MJ. The pre-
sent trend of the intake is still decreasing because of the decreasing of
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the Se content of all foodstuffs. The estimated Se intake is calculated for
a diet where all used foods are domestic. The use of imported foods
decreases the Se intake. The daily Se intake meets well the recommen-
dations (National Nutrition Council, 1998; States Food and Nutrition
Board and Institute of Medicine, 2000, ).
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Fig. 4. The average daily Se intake in Finland.

Summary
The Se fertilization has proven an effective, safe, and adjustable method

to increase the Se content of foods and also the average Daily Se intake
in Finland.
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Abstract

Selenium (Se) is an essential nutritional trace element, which is needed
for growth and reproduction in all living animals. At the same time it is
a highly toxic substance, and therefore the Se content of animal diets
should be monitored constantly. The dietary requirement of Se differs
between the animal species and is affected by the form of selenium
ingested and dietary composition, especially its content of vitamin E.
The Finnish recommendation of Se for cattle is 0.1 mg/kg feed DM, for
pigs 0.2 mg/kg DM, for poultry 0.1-0.2 mg/kg DM and fur animals 0.6-
0.9 mg/kg DM. The level of Se in feeds of plant origin varies depending
on plant species, part of the plat, growing season and soil which the
plants grow on. In Finnish soils the selenium availability to plants is
limited, and Se addition to fertilizers has increased the overall Se con-
tent of feed materials from 0.02 mg/kg dry matter (DM) to 0.2 mg/kg
DM. The best Se sources of the feeds of animal origin are fish products.
The main form of selenium in plant and animal origin feed materials is
organic protein-bound selenomethionine, together with small amounts
of selenocysteine and selenite. Animal feeds and diets can also be sup-
plemented with inorganic selenium (sodium selenite, sodium selenate).
However, at present the organic selenium sources are not accepted as
feed additives. The maximum permitted amount of Se in compound
feeds or daily rations is 0.5 mg/kg DM.

Key words: selenium, animal nutrition, feed

Introduction

The importance of selenium (Se) in animal nutrition was first discov-
ered in the 1950’s when it was shown that most myopathies in sheep
and cattle as well as exudative diathesis in chicks could be prevented by
adding selenium or vitamin E in the diet (McDonald et al. 1985). Sele-
nium is a component of the glutathione peroxidase molecule, which
explains its interactive role with vitamin E and the sulphur-containing
amino acids. Selenium deficiencies are well known in the form of white
(nutritional) muscular disease in ruminants and other animals (Van
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Soest, 1994). However, the line between the requirement and harmful-
ness of Se is narrow since selenium is a highly toxic element. Therefore
the total amount of selenium in animal diets has to be monitored con-
stantly.

The amount of selenium in feeds of plant origin is very variable depend-
ing on the plant species, the part of the plat sampled, the growing season
and soil which they grow on (Underwood and Suttle, 1999). The sele-
nium content in Finnish soils is known to be low, but in addition, for
climatic and geochemical reasons selenium availability to plants is lim-
ited (Yldranta, 1985). This reflects directly to feeds (and foods). Since
1984 the fertilizers produced in Finland have been supplemented with
sodium selenate, which has increased the overall Se content of feed
materials grown in Finland on average from 0.02 mg/kg dry matter
(DM) to 0.2 mg/kg DM (Eurola et al., 2003). Consequently this has
increased the level of selenium in foods of animal origin and helped the
human population to meet their Se requirements.

Selenium requirement of animals

Selenium takes part in essential functions in living organisms and is
necessary for growth and fertility in all animals. The dietary require-
ment of selenium differs between the animal species depending on their
digestive system and type of production. For given species the mini-
mum requirement of selenium varies mainly with the form of selenium
ingested and dietary composition, especially its content of vitamin E
(Underwood and Suttle, 1999).

In spite of the fact that the nutritional bioavailability of selenium varies
according to criteria chosen, population and individuals, it is shown that
in general the bioavailability of inorganic selenium, mostly as selenite,
is lower than the organic form of selenium (Mutanen, 1986). When
assessing the selenium requirement of animals, the vitamin E supply
should be assumed to be normal, because vitamin E deficiency enhances
the selenium requirement.

Ruminants seem to absorb selenium less efficiently and more variably
than non-ruminants. Rumen micro-organisms reduce selenium to un-
available forms (McDowell, 1992), and only one third of inorganic se-
lenium is absorbed. The apparent absorption of selenium has been
shown to be greater from concentrate than from a lucerne hay diet (52.8
vs. 41.8%) (Koenig et al., 1997).
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Feed intake of sheep is greater per unit body weight compared to cattle,
which may create a higher burden on antioxidant defences and therefore
lead to greater need of selenium. Wool production in sheep affects sele-
nium requirement (Wilkins et al, 1982) and high milk yield of dairy
cows increases the selenium requirement (Underwood and Suttle,
1999).

The Finnish recommendation of selenium for cattle is 0.1 mg/kg feed
DM, for pigs 0.2 mg/kg DM, for poultry 0.1-0.2 mg/kg DM and fur
animals 0.6-0.9 mg/kg DM (MTT, 2004). In Norway the dietary sele-
nium requirement for Rainbow trout is shown to be 0.15-0.38 mg/kg
DM.

Selenium content of feeds

Soils containing less than 0.5 mg Se/kg are likely to lead to crops and
pastures with inadequate selenium concentrations (< 0.05 mg/kg DM).
The main form of selenium in plant and animal origin feed materials is
organic protein-bound selenomethionine, together with small amounts
of selenocysteine and selenite (Underwood and Suttle, 1999).

Natural concentration of selenium in forages varies mainly according to
the soil selenium status. According to the Finnish monitoring pro-
gramme grass silages contained on average 0.37 mg Se/kg DM during
the years 2000-2001. Grass silages from the organic production system
contained nearly ten times less selenium than conventionally produced
grasses (Eurola et al., 2003). Silages from the spring harvest seemed to
have higher selenium content than the summer and autumn harvests.
Legumes tend to contain less selenium than grasses (Underwood and
Suttle, 1999).

Wheat can be higher in selenium than barley and oat grains (Miltimore
et al. 1975). In Finland the Se content of feed oats and barley has been
stabilizing to a mean level of 0.10-0.14 mg/kg DM (Eurola et al., 2003).

The best selenium sources of the animal protein feeds are those of ma-
rine origin. Salmon and herring meals has been shown to be rich in Se
(1.9 mg Se/kg DM) (Miltimore et al. 1975). Tuna fish-meal can, how-
ever, contain even higher amounts of Se (5.1 and 6.2 mg Se/kg DM)
(Scott and Thompson, 1971). In the European Union based on the
Commission Regulation (EY) N:o 1234/2003 fish meal is not allowed
in the feeding of ruminants, but it still provides good protein and sele-
nium source for pigs and poultry as well as fish and fur animals.
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Animal diets can be supplemented with inorganic selenium (sodium
selenite, sodium selenate) added to feeds. However, at present organic
selenium sources are not accepted as feed additives. Feed manufactures
aim to have the selenium content of compound feeds close to the maxi-
mum permitted selenium level, which is 0,5 mg/kg DM (Ministry of
Agriculture and Forestry Regulation N:o 43/2005).

In Finland the Plant Production Inspection Centre monitors commercial
feeds, and during the years 2000-2001 36% of the analysed samples
exceeded the permitted Se value (Eurola et al., 2003). 35% of these
samples were feeds for fish, which did not contain added selenium.
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Abstract

Selenium is an essential nutrient for all animals. It is a biochemical
component of gluthatione peroxidase enzyme (GSH-PX) as well as of
thyroid gland hormone and of several other proteins. GSH-PX protects
cellular membranes and organelles together with vitamin E.

Selenium deficiency occurs worldwide. Deficiency of selenium and/or
vitamin E can lead to several different subclinical or clinical forms of
diseases, of which enzootic muscular dystrophy (NMD), and mulberry
heart disease are the most common ones. Development of a clinical
disease is often predisposed by other factors, such as rapid growth, sud-
den increase in physical exercise, and excessive amounts of polyunsatu-
rated fatty acids in diet.

NMD occurs in all farm animals. It is relatively common in Scandina-
via, and in some European and Northern American countries. It most
often affects young calves, lambs, goat kids and foals, being an impor-
tant cause of mortality. NMD has acute and subacute forms, of which
the former causes dystrophy of myocardium and the latter of skeletal
muscles. Mulberry heart disease is the most common form of vitamin E
— selenium deficiency (VESD) syndrome in pigs. Outbreaks can affect
25% of a herd, and mortality rate among the diseased can level up to
90%.

Selenium deficiency has also been associated with decreased resistance
to infectious diseases, impaired reproductive performance, and retained
placenta. The association, even though, is partly unclear and the re-
search results in some cases contradictory.

Adding selenium to fertilizer and animal feedstuffs has fortunately de-
creased the incidence of selenium and vitamin E responsive diseases
markedly, but has still not been able to eliminate the conditions com-
pletely. Organic farms and farms that use fertilizers that do not include
selenium have to plan selenium supplementation more carefully than the
others.
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Adequate selenium and vitamin E supplementation is necessary, not
only for animal health, but also for the quality of the animal products
received from food animals. Recommendation for dietary requirements
for selenium varies between different countries. In Finland the norm,
0.1 mg/kg dry matter of feed, is half of that by the Swedes, and only
third of the British recommendations, which seems confusing. The
source and form of the supplement can also affect the utilization. Sele-
nium is poisonous in big amounts, and the safety marginal is not very
wide. These things have to be kept in mind while planning the supple-
mentation for a herd.

Key words: selenium, diseases, animal health
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Abstract

Selenium (Se) is not classified as an essential element for plants al-
though its role for animal and human health is well established. Though
higher plants have been considered not to require this element, the ex-
perience with low-Se soils in Finland has provided evidence that when
added at low concentrations, Se exerts a beneficial effect on plant
growth via several mechanisms. Similarly as in humans and animals, it
strengthens the capacity of plants to counteract the oxidative stress
caused by oxygen radicals produced by internal metabolic or external
factors. At proper levels it also delays senescence and may improve the
utilization of short-wavelength light by plants. High additions, in turn,
are toxic and may trigger pro-oxidative reactions and enhance lipid
peroxidation. Plants defend themselves against Se excess by producing
volatile Se compounds. In food chain, plants act as effective buffers,
because their growth is reduced at high Se levels.

In our experiments, added Se also improved the quality of plant prod-
ucts. It counteracted the decrease of tocopherols (vitamin E) during
senescence of lettuce and, thus, the impairment of its nutritive value.
The recent results showed that at very high level Se diminished total
glycoalkaloid content in young potato tubers. At low levels it increased
starch concentration of leaves and tubers. Furthermore, the yield was
higher in Se-supplied plants than in the control plants. The yield was
composed of relatively few but larger tubers. During storage Se concen-
tration remained constant, and applied Se was transferred from seed
tubers to the next potato generation. Low Se supplementations delayed
enzymatic discoloration of tubers measured 1 and 8 months after har-
vesting. The result suggests that Se increased tolerance of raw tubers to
browning maybe through its antioxidative function.

Key words: selenium, potato, lettuce, ryegrass, antioxidants, yield,
starch, storage quality
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Introduction

The advantage of se fertilization compared to a direct supplementation
of food and feed with selenium (Se) has been questioned, because the
higher plants are generally considered not to require this element. How-
ever, the prevailing view has placed the scientific community before a
dilemma, for plants play a key role in cycling Se from soil to animals and
humans. Are plants only conveyers in this system, or do they derive some
direct, as not yet unknown, benefit from Se for themselves? We still do not
know for sure. Nevertheless, when considering this question we have to
recall two facts. Firstly, some plants have developed a remarkable ability
to take up Se from soil (Terry and Zayed 1998). This means that they have
metabolic systems to treat and accumulate this element. Secondly, it has
been shown repeatedly that Se is more bioavailable to animals and humans
in organic forms than in inorganic forms (Ortman & Pehrson 1998).
Plants have an important role in synthesizing organic Se, including amino
acids, and providing it to animals and humans. In wheat, soybean, and Se-
enriched yeast, Se is found predominantly as selenomethionine (Fishbein
1991 and references therein). Thus, it can be hypothesized that protein-
bound Se can have similar roles in animal and plant cells.

We have studied the effects of Se supplementation on plants from
physiological and agronomical point of view. The work hypotheses
have risen from findings in medical and veterinary sciences. We have
focused on the impact of various Se addition levels on the growth and
antioxidative capacity of plants as well as on nutritive and storage qual-
ity of plant products. The ability of Se to enhance the tolerance of plants
against detrimental effects of internal and external stressors such as
senescence and UV-B —radiation has been investigated. The main ex-
perimental plants represent species of importance in animal feeding and
human nutrition: ryegrass (Lolium perenne), lettuce (Lactuca sativa)
and potato (Solanum tuberosum L.)

Material and methods

In greenhouse experiments, the experimental plants were cultivated in
soils never amended with Se-containing fertilizers or in quartz sand. In
all experiments, Se was added in increasing concentrations as H,SeO4
(Fluka Chemie AG product, analytical grade) and all treatments had
four replicates. The fresh weight (FW) and dry weight (DW) yields
were taken to indicate the growth response. Lipid peroxidation in the
plant tissues was assayed by measuring thiobarbituric acid reactive sub-
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stances (TBARS) according to a modified method of Yagi (1982). With
respect to antioxidants, attention was focused on GSH-Px (EC1.11.1.9)
whose activity was measured by a modified method of Flohe and Gun-
zler (described by Hartikainen et al. 2000), and on o.- and y-tocopherols
(vitamin E) determined by a small-scale HPLC method of Xue et al.
(1997). Selenium in dry plant material was analysed according to Kum-
pulainen et al. (1983) and Ekholm (1997).

In recent experiments with potato, tubers were harvested 16 weeks after
planting. The yield, the mean tuber weight and their mean number per
pot were determined after harvest. The starch concentration of leaves
were analysed from leaves collected 4 and 8 weeks after planting, and
from tubers 16 weeks after planting as described earlier by Palonen
(1999). Tubers were stored 4 °C at 75 % humidity until analysis. After
1- and 8-month storage, susceptibility of tubers to enzymatic discolora-
tion was evaluated visually 30 and 60 min after cleavage in two halves.
The Se concentration was analysed from freeze-dried tubers after 1-, 6-,
and 12- month storage periods. In the following year, the tubers were
used as seeds, and the harvested tubers were analysed for the Se concen-
tration.

Results and discussion

The experiments have provided evidence that Se is able to enhance their
antioxidative capacity and to defend plants against oxidative stress
caused by oxygen radicals produced in metabolic processes or by irra-
diation. There are indications that Se may improve the utilization of
short-wavelength light by plants. High additions of Se showed to be
toxic and enhanced the lipid peroxidation. Pro-oxidative reactions may
be one of the toxicity mechanisms of Se excess (Hartikainen et al. 2000,
Xue et al. 2001, Seppénen et al. 2003, Turakainen et al. 2004a).

Studies with lettuce showed that at low concentrations Se can promote
growth, slow down senescence (Hartikainen et al. 2000), and increase
starch accumulation in chloroplasts (Pennanen et al. 2003). Total toco-
pherols diminished during senescence, but the added Se counteracted
their decrease and, thus, the impairment of the nutritive value of lettuce.
The most recent experiments have indicated also positive effects of Se
on quality of potato tubers. Very high selenium supplementation de-
creased total glycoalkaloid content in young tubers (Turakainen et al.
2004b). Furthermore, our experiments showed that the tuber yield of
Se-supplied potato plants was higher and composed of relatively few
but larger tubers than that of the control plants. Four weeks after plant-
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ing the starch concentration in the upper leaves was significantly higher
in the Se-supplied plants than in the control plants. Eight weeks after
planting this beneficial effect was not found any more. In the tubers
supplied with a moderate Se dosage (0.075 mg kg™ soil), starch concen-
trations was about 10 % higher than in the control plants. The higher
accumulation of starch in the upper leaves in the Se-supplied plants
indicates enhanced starch synthesis, reduced carbohydrate transport
from the chloroplasts, or increased efficiency of photosynthesis. Carbo-
hydrate transport was probably not affected, because photoassimilates
were efficiently transported to potato tubers.

Pilon-Smith et al. (1998) have shown that plants tend to synthesize
volatile compounds in order to reduce excess Se. In our studies, lettuce
seemed to produce volatile Se compounds as a defending mechanism
against Se excess. However, in potato tubers the Se concentration did
not change during storage. This indicates that no Se losses from har-
vested tubers took place during storage. It is noteworthy, that in the
tubers produced by the Se-supplied seed tubers, the Se concentration
increased with increasing Se dosage given to the previous potato gen-
eration. Thus, Se can be transferred from the seed tubers to the next
potato generation.

Low Se supplementations (0.0035 and 0.01 mg kg™) delayed enzymatic
discoloration of tubers evaluated visually 30 and 60 min after cleavage
of tubers stored for 1 or 8 months. Even though the tubers of the ex-
perimental cultivar Satu are quite resistant to enzymatic discoloration,
low Se supplementation further delayed this reaction. The result sug-
gests that Se increased tolerance of raw tubers to browning maybe
through its antioxidative function.

Summary

Our systematic experiments have shown that at proper addition levels
Se exerts beneficial effects on plants through multiple mechanisms and
promotes their growth. Similarly as in humans and animals, Se in-
creases in plants the antioxidative capacity needed to counteract the
oxidative stress caused oxygen radicals produced by internal metabolic
or external factors. At proper level it is also able to delay senescence.
There are also indications that Se enhances the utilization of short-
wavelength light. In potato cultivation, the Se supplementation has posi-
tive effect on potato carbohydrate accumulation and possibly on yield
formation. At low supplementation level it may improve the processing
quality of potato tubers. Furthermore, the Se concentration remains
constant during storage, and Se can be transferred to the next potato
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generation. Thus, Se fertilization can affect positively not only the
quantity of the yield but can exert beneficial effects on the quality of
plant products. In food chain, the plants act as effective buffers against
too high concentrations by showing distinct toxicity symptoms.
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Five Decades of Selenium research

Nearly 50 years of research have established that selenium (Se), once
known only as a sulfur-like element with toxic potential, is in fact an
essential nutrient. This was first shown in rats and chicks in the late
1950’s and then, over the next two decades, in a range of animal spe-
cies. Because those findings showed Se to correct pathologies in vita-
min E-deficient animals, they prompted a debate concerning the nutri-
tional importance of Se per se — a debate in which the relevance to hu-
mans was unclear because morbidities associated with low Se status had
not been reported.

In the early 1970’s, the discovery of Se as an essential cofactor of glu-
tathione peroxidase (GPX) answered the twin questions of whether Se
was a nutritional essential and how it functioned in concert with vitamin
E to effect cellular antioxidant protection. Less than a decade later, the
reports of efficacy of Se in preventing a juvenile cardiomyopathy en-
demic in parts of rural China with severe endemic Se deficiency drew
international attention to Se as being relevant to human health.

During this time, the studies of eminent scientists in two countries,
Finland and New Zealand, drew special scientific attention. These
showed that each country had soils of low available Se content; each
had a population with fairly low blood Se levels compared to other
western countries while neither had significant malnutrition; each had a
history of health problems in livestock that responded to Se-
supplementation. These countries took different tacks in addressing
these findings: New Zealand allowed the use an array of Se treatments
for livestock (prills, drenches, dietary supplements) or pastures (sprays);
Finland approved the use of Se-supplements to some livestock feeds
and undertook to increase Se throughout the food system by implement-
ing the addition of Se to its agricultural fertilizers.

The nutritional essentiality of Se is now unquestioned, as the element
has been recognized as an essential constituent of at least a dozen en-
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zymes, and genomic analyses have indicated 25 selenoprotein genes
suggesting still uncharacterized SeCys-enzymes (see Kryukov et al,
2003). The discovery of the Se-dependent GPX led, over the next three
decades, to Se being found in the form of selenocysteine (SeCys) in:
four GPX isoforms; two isoforms of thioredoxine reductase; three iso-
forms of the iodothyronine 5’-deiodinases; selenophosphate synthase;
and selenoproteins P, W and Sepl5. Allelic variants of GPX1 and
Sep15 have been linked to cancer risk (see Diwadkar-Navsariwala and
Diamond, 2004).

That Se might also be anti-carcinogenic was suggested in the 1960’s
based on an inverse relationship of cancer mortality rates and forage
crop Se contents in the US. Evidence developed since that observation
has shown that Se can, indeed, play a role in cancer prevention: some
epidemiological studies have found Se status to be inversely associated
with cancer risk; hundreds of animal studies have shown that Se-
treatment can reduce tumor yields; Se has been shown to inhibit growth
and stimulate programmed cell death in a variety of cell culture sys-
tems. It is now clear that both inorganic and organic Se-compounds can
be anti-tumorigenic at doses greater than required to support the maxi-
mal expression of the SeCys-enzymes regarded as discharging the nutri-
tional effects of the element (see Combs and Lii, 2001). Evidence
points to methylated Se-metabolites being active in anti-carcinogenesis
(see Ip, 1998).

Global Variation in Selenium Status

In most diets, the dominant food sources of Se are cereals, meats and
fish. For example, in American diets five foods (beef, white bread,
pork, chicken and eggs) contribute half of the total Se, and 80% of total
dietary Se is provided by only 22 foods (Schubert et al, 1987). The
dominance of cereal-based foods as core sources of Se means that, in
many countries, Se intakes can be affected by the importation of grain
from relatively Se-rich areas in the USA, Canada and Australia. Indeed,
changes in wheat importation have been linked to corresponding
changes in Se intakes Finland and other countries, and reductions in
North American imports have been cited as causing general reductions
in Se intakes in Europe in recent years.
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Fig. 1. Global variation in Se status

A comparison of the Se contents of different food systems (Combs,
2001) suggested that millions of people may be unable to consume
enough of the element to support maximal expressions of GPX1, i.e., at
least 40 ug Se per day (Yang et al, 1987). The best described Se-
deficient areas are New Zealand, Finland (pre-1984), and a long belt of
mountainous terrain extending from the northeast to south-central por-
tions of mainland China; but low Se intakes have also been reported in
parts of eastern Europe. A comparison of plasma/serum Se levels from
68 countries (Fig. 1) with the minimum reported level for which further
Se-supplementation does not increase plasma GPX1 activities, 70 ng/ml
(Neve, 1995), suggests that sub-clinical Se defi-ciency may affect at
least 10% of residents in most countries for which data are available,
and >50% of the populations in half of those countries (Combs, 2001).
Only in Canada, Japan, Norway and the US does low Se status appear
not to affect many people.

Health Implications of Low Selenium Intakes

Two diseases have been associated with severe endemic Se deficiency
in humans: a juvenile cardiomyopathy (Keshan disease), and a chon-
drodystrophy (Kaschin-Beck disease). Each occurs in rural areas of
China and Russia (eastern Siberia) in food systems with exceedingly
low Se supplies. Keshan disease has been noted in mountainous areas
where the soil Se levels are very low (<125 ppb Se) and grains gener-
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ally contain <40 ppb Se. In these areas humans have shown the lowest
reported blood Se levels e.g., <25 ppb. Dramatic reductions in Keshan
disease incidence have been achieved by the use of oral sodium selenite
(0.5-1 mg Se/child/week) or selenite-fortified table salt (10-15 ppm Se)
(Keshan Disease Res. Group, 1979). Recent findings suggest that the
disease may actually be caused by RNA-viruses the virulence of which
can be potentiated by severe Se deficiency (Beck et al, 2001). Kaschin-
Beck disease is an osteoarthropathy affecting the epiphyseal and articu-
lar cartilage and the epiphyseal growth plates of growing bones and
manifested as enlarged joints (especially of the fingers, toes and knees),
shortened fingers, toes and extremities, and, in severe cases, dwarfism.
While that severe endemic Se deficiency appears to be a pre-disposing
factor, it is not clear that Se deficiency is a primary cause of the disease.

It is likely that Se deficiency may also be a factor in some other diseases
(see Combs, 2001). That Se-dependent GPX is important in protecting
proliferating keratinocytes in wounded tissues suggests that Se-deficient
individuals may have compromised wound healing, although there have
been no clinical reports of such effects. Studies in central Africa found
that the prevalences of the iodine-deficiency diseases, goiter and myx-
edematous cretinism, were greater among populations of relatively low
Se status than among those of greater Se status. Because Se is essential
for the metabolic production of thyroid hormone (which requires a Se-
containing deiodinase to convert thyroxine to the active thyoid hor-
mone), such a relationship suggests that the efficacy of iodine supple-
mentation may be limited in Se-deficient populations, in which cases
treatment with both Se and iodine would be indicated. Low Se status
has been linked to increased risks of pre-eclampsia, spontaneous abor-
tions, and male infertility. Recent findings have shown that severe Se-
deficiency in vitamin E-deficient hosts can increase the mutation rates
of RNA-viruses, suggesting that Se deficiency may increase risks of
measles, influenza, hepatitis and acquired immune deficiency syndrome
- all global problems.

Low blood Se levels have been measured in patients with several other
diseases (see Combs, 2001). Children with protein-deficiency diseases,
Kwashiorkor or Marasmus, tend to be low in Se as Se occurs in food
proteins. Malnourished children also appear to have increased needs for
Se and other antioxidant nutrients, due to the pro-oxidative effects of
malnutrition and inflammation. Neonates typically have lower blood Se
levels than their mothers, and low plasma Se levels have been associ-
ated with increased risks to respiratory morbidity among low birth
weight newborns. Low blood Se levels have been observed in infants
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with PKU, but these effects have been due to the use of parenteral feed-
ing solutions containing negligible amounts of Se.

Health Implications of Supranutritional
Selenium Intakes

Several clinical trials have been conducted to determine the anti-cancer
efficacy of Se in humans. This body of research includes a few trials
that were not evaluated with appropriate statistical methods or were not
subjected to appropriate scientific review, and a few trials that em-
ployed fairly low doses of Se (50 pg/day) or mixed treatments of bio-
logically active substances (see Combs, 2005). The Nutritional Preven-
tion of Cancer (NPC) Trial (Clark et al, 1995) remains the most useful
one conducted to date in considering the role of Se in cancer prevention.

The first report from that trial included data for its first 10 years (1983—
1993) which showed no significant effects of Se-treatment on the inci-
dences of either of the primary endpoints of the study: basal (BCC) or
squamous cell carcinoma (SCC) of the skin. They also showed signifi-
cant risk reductions for several secondary endpoints: total cancer inci-
dence (RR=0.63), total cancer deaths (RR=0.50), incidences of carci-
nomas of the lung (RR=0.54), prostate (RR=0.37), colon-rectum
(RR=0.42), and total non-skin (RR=0.55). More recently, the results for
the full 13 yrs of the trial (Reid et al, 2002; Duffield-Lillico et al, 2003a,
2003b) showed Se-treatment associated with reduced risks to total can-
cer incidence (RR=0.63) and incidences of carcinomas of the prostate
(RR=0.51) and colon-rectum (RR=0.46), but not lung cancer incidence
(RR=0.70, P=0.18). While the complete data seemed to suggest an
increase in non-melanoma skin cancer risk, the analysis of 1250 vali-
dated subjects (of a total of 1312) revealed that Se-treatment did not
affect risk of either BCCs (and may have delayed the diagnosis of the
first BCC), or SCCs diagnosed after two years of treatment (RR=1.21,
P>0.05).

Subgroup analyses of the NPC Trial data show that Se (200 mcg/d) was
effective in reducing cancer risks only among subjects who entered the
trial with plasma Se levels in the lower tertiles of the study population
(Fig. 1). Those with baseline plasma Se levels above ca. 120 ng/ml
showed the lowest cancer risks and no risk reductions in response to
supplemental Se. This suggests that cancer risk reduction was achieved
by raising plasma Se level to at least 120 ng/ml. Clearly, the amount of
supplemental Se necessary to reach that threshold was greater for the
low Se subjects (e.g., those with base-line Se levels less than 100 ng/ml)
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than it was for those with greater baseline Se levels. Thus, smaller sup-
plements may be effective for subjects with more moderate plasma Se
levels, e.g., in the 80-120 ng/ml range.
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Fig. 2. Sub-group comparisons from NPC Trial.

Safety of Selenium

Chronic selenosis was identified in the 1960's among residents of Enshi
County, Hubei Province, China, apparently resulting from exceedingly
high concentrations of Se in the local food supplies and, in fact,
throughout the local environment (Yang et al, 1989a, 1989b). Local
soils were found to contain nearly 8 ppm Se, coal (ash was put on soils)
contained as much as 84,000 ppm Se, and locally produced foods con-
tained the highest concentrations of Se ever reported. Drinking water,
leaching through seleni-ferous coal seams, contained >50 ppb Se. In
affected villages, residents consumed an estimated 3.2-6.7 mg
Se/person/day and showed losses of hair and nails, and some also
showed skin lesions, hepatomegaly, polyneuritis and gastrointestinal
disturbances. Both WHO (1996) and Institute of Medicine (2000) set
the upper safe limit of Se intake at 400 mcg/day for an adult. This level
may be too conservative, as it was derived arbitrarily by using one-half
the estimate made by Yang et al (1989b) for the same purpose. A re-
view by the US EPA (Poirier, 1994) set a no adverse effect level for an
adult of 853 mcg Se/day.
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Assessing Se Status

Absent a parameter of Se status reflecting both medium-term (days to
weeks) Se intake and metabolic function, the clinical assessment of Se
status has relied upon measurements of blood Se to indicate intake and
of blood GPX activity to indicate function. Each has significant limita-
tions. The Se contents of blood cells, serum or plasma are affected not
only by the amount but also by the chemical species of dietary Se. For
example, because selenomethionine (SeMet, e.g., in plant foods) can
replace methionine in protein synthesis as well as be converted to Se-
Cys, sources of SeMet enter non-specifically into blood proteins as well
as specifically into SeCys-proteins, thus supporting greater blood Se
values than will sources of SeCys (e.g., in animal products) at equiva-
lent Se intakes. While almost all serun/plasma Se is protein-bound, most
is present in two SeCys-proteins, SeP and GPX1. Hill et al (1996) cal-
culated that maximal expression of these proteins contributed 80 ng/ml
to plasma Se, indicating that those parameters are useful only in popula-
tions with relatively low Se intakes. Néve (1995) noted that subjects
with plasma/serum Se levels above 70 ng/ml show no further GPX re-
sponses to Se supplementation. On the basis of these observations, the
plasma/serum level of 80 ng/ml would appear to be a useful criterion of
nutritional adequacy.
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Fig. 3. Plasma Se responces of SePK trial subjects.

Because that is less than the plasma Se level associated with minimal
cancer risk in the NPC trial, 120 ng/ml, it is appropriate to ask how
much Se may be required for a given individual to reach the latter, ap-
parently protective level. Results of our Se pharmacokinetics (SePK)
study show that plasma Se moves from one plateau level to another
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within 9-12 mos. of Se-supplementa-tion at 200 mcg/d (Fig. 3). NPC
Trial subjects showed similar responces (Fig 4).

An analysis of data from the NPC trial indicated that Se dose adjusted
for metabolic body size (D, ng/kg0.75) was related to the 12 mo. in-
crease in plasma Se (, ng/ml) according to the following function: | =
10.52 D (Fig. 5). From this relationship, the dose (D) required to reach
a target plasma Se level (T, e.g., 120 ng/ml) within 12 mos. of supple-
mentation for a person with a known baseline plasma Se level (B,
ng/ml) can be predicted: D (T — B)/10.52. This would suggest, for
example, that a 70 kg person could move from a base plasma Se level of
106 ng/ml to a level of 120 ng/ml with a daily dose of 32 mcg Se for 9+
mos.
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Fig. 4. Plasma Se responses of NPC Trial subjects to 200 or 400 MCG
Se/d.
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Fig. 5. 12 mo. plasma Se responses of NPC trial subjects.

Conclusion

In the span of five decades, Se has moved from being thought of as a
toxicant to being considered essential nutrient. The elucidation of its
role in nutrition has led to fundamental discoveries in metabolic bio-
chemistry (the unique metabolism of SeCys), virology (the destabiliza-
tion of RNA viruses due to oxidative stress), and public health (the role
in cancer risk reduction). Unlike most other nutrients, which were rec-
ognized due to the fatal outcomes of their deficiencies, the conse-
quences of Se deprivation appear to be largely sub-clinical in nature,
requiring other precipitating factors (e.g., vitamin E deficiency, viral
exposure, etc.) to reveal the effects of compromised Se-enzymes and/or
essential Se-metabolites. Even after a half-century of research, much
remains to learn about the metabolic bases of the roles of Se in nutrition
and health.

Key words: selenium, nutrition, food, diet, intake, plasma, selenium
deficiency
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Trends in blood and tissue selenium levels in
Finland

The supplementation of fertilizers with sodium selenate in Finland is a
nationwide experiment aimed at increasing the selenium status of both
animals and humans. The window for optimal intake of selenium is
narrow with risk for deficiency at very low and toxicity at excessive
levels. Therefore systematic monitoring of the selenium status of the
population is necessary for safety reasons and also for research pur-
poses.

Serum selenium

Serum selenium concentrations in healthy Finnish urban and rural adults
have been monitored regularly since the 1970s. During the 1970s, the
low dietary intake of Se, 25 pg/d (Mutanen and Koivistoinen 1983),
corresponded to a serum Se level of 0.63-0.76 umol/l (Alfthan 1988)
being among the lowest values reported in the world (Alfthan and Neve
1996). Since 1985, the serum Se concentration of the same healthy
adults have been monitored systematically, in urban Helsinki (n=30-35)
and rural Leppévirta (n=35-45). The intake of Se has been ascertained
to be solely froom foods and not supplements.

Before supplementation of selenium to fertilizers became effective in
1985, the mean serum Se concentration ranged between 0.75 umol/l and
1.23 umol/ in the 1st half of the 1980s. The large variation was due to
the import of high-selenium wheat (Alfthan 1988). One year before Se
supplementation of fertilizers was started, the mean serum Se concen-
tration was 0.89 umol/l and, it reached its highest level four years later
at 1.5 umol/l, one of the highest values in Europe, Fig. 1. After the de-
crease in the amount of fertilizer Se in 1990 from 16 to 6 mg Se/kg fer-
tilizer, serum Se decreased to a new stable level of 1.10 umol/l in 1999.
This serum Se level was still above the mean serum Se value for
Europe, but lower than is generally found in Canada or USA (Alfthan
and Neve 1996). After the second change in the amount of fertilizer Se
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in 1998 to 10 mg Se/kg fertilizer, a new serum Se plateau at about 1.4
umol/l has been reached in 2004.

Serum Se concentrations in subpopulations thought to be at risk of sub-
optimal Se intake have also been studied before and during the fertiliza-
tion (Varo et al. 1994). The mean serum Se concentrations of mothers
giving birth and their neonates during 1983 to 1996 have followed the
trend of adult serum Se levels at a lower level. Neither exceptionally
low nor exceptionally high individual values have been observed during
this period.

Mean serum Se in Finland 1984-2004
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Fig. 1. Mean annual serum Se concentration in healthy Finns before
and during the Se fertilization.

Since 1985, whole blood Se has been monitored systematically only in
the rural group. Whole blood Se reached its peak mean value approxi-
mately one year later than serum Se. Before supplementation of fertiliz-
ers with Se the mean value was 1.15 pmol/l, and in 1990 a maximal
value was reached, 2.62 umol/l, Fig. 2. After 1992, the decrease paral-
leled that of serum Se, leveling off at 1.85 pmol/l by 1999. As a conse-
quence of the second change in the amount of fertilizer Se, the mean
whole blood Se seems to have reached a stable level of 2.25 umol/l.

Tissue selenium

Toenails reflect the integrated intake of Se over a period of six months
to a year (Longnecker et al. 1993). Toenail Se concentrations have not
been studied systematically on an annual basis. Toenail data for the
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period 1984 to 1995 has been compiled from different Finnish studies
on healthy subjects (Ovaskainen et al. 1993, Alfthan et al. 1991a,
Michaud DS et al. 2002). Before supplementation of fertilizers with Se
started, the mean toenail Se concentration was 0.45 mg/kg. The maxi-
mum level, 0.91 mg/kg, was observed in 1992 about two years later
than for whole blood Se. In accordance with serum and whole blood Se,
a clear downward trend was seen after the first change in the amount of
fertilizer Se and the latest value, from 1995, is 0.72 mg/kg. The inter-
individual variation in toenail Se was typically 10-12%. In a European
multicenter study comprising eight countries, the toenail Se concentra-
tion of 59 middle-aged Finnish men sampled during 1990-1992 was the
highest, 0.84 mg/kg (Virtanen et al. 1996).

The largest fraction of body stores of Se is situated in the liver. Its Se is
mobile and reflects dietary Se intake over a time span of weeks (Levan-
der et al. 1983a). Se has been determined in human liver samples ob-
tained at autopsy from men who had died in traffic accidents both be-
fore (1983-1985) and during (1988-1989) the Se supplementation of
fertilizers. Initially, the mean value was 0.95 + 0.27 mg/kg dw. The
mean Se concentration of liver tissue obtained 3-4 years later had in-
creased to 1.58 mg/kg (Varo et al. 1994).

Serum, red blood cell and platelet glutathione
peroxidase activity

The activity of the Se-dependent glutathione peroxidase (GSHPx) is
associated with Se intake only up to moderate intake levels. At higher
Se intakes, the activity of the enzyme in serum and whole blood reaches
a plateau and cannot be stimulated further. The plateau, in terms of se-
rum Se, is below 50 pg/d, and for whole blood approximately 60-80
ug/d (Yang et al. 1987, Levander 1989, Alfthan et al. 1991b). Saturation
of serum GSHPx activity has been regarded as a measure of optimal Se
intake and has been the basis of the current US Recommended Dietary
Allowance (Levander 1989).

Two placebo-controlled supplementation studies have been carried out
in Central Finland on the same 50 middle-aged healthy male blood do-
nors (Levander et al. 1983b; Alfthan et al. 1991a). The aim of the stud-
ies was to find out to what extent platelet GSHPx activity could be in-
creased by Se supplementation and the qualitative effect of organic/-
inorganic Se supplementation on GSHPx activity. The first study was
performed in 1981 and the second in 1987, i.e. before and during Se
fertilization. Common to both studies, 10 men were supplemented with
200 pg of Se as organic Se in the form of Se-enriched yeast or with 200
ug Se as sodium selenate. The third group received a placebo. At base-
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line in 1981, the mean plasma Se concentration was 0.89 pmol/l and in
1987 1.40 umol/l, which coresponded to mean dietary Se intakes of 39
pg/d and 100 pg/d, respectively.

The percentage increase in platelet GSHPx activity for men supple-
mented with either selenate or yeast Se was calculated in relation to the
activity of the placebo groups. Before the addition of Se to fertilizers,
selenate and yeast-Se supplements increased the enzyme activity by
104% and 75%, respectively. During fertilization the effects of selenate
and yeast-Se were much lower, 41% and 6%, respectively. The results
suggested that an intake of 100 pg Se per day was still not sufficient to
completely saturate GSHPx activity in platelets. Extrapolation of plate-
let data, including the two Finnish studies and six other studies with a
similar design, suggests that maximal stimulation of platelet GSHPx
activity would occur at a plasma Se level of 1.3 umol/l (Alfthan et al.
2000).

Key words: selenium, trend, serum, tissue, glutathione peroxidase
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Abstract

The potentially dangerous chemical compounds and elements, eg. selenium
in relatively high concentration can cause harmful influence and results in the
environment. The fate of selenium must be followed in the soil-plant system.
Slow or accumulative changes in environment may be captured only by long-
term studies.

To monitor the dynamics of selenium, its transformation into different forms,
retention and movement in the soil-plant system, a heavy-metal-load field
experiment was set up in Nagyhorcsok (Hungary) in 1991. The aims of the
research programme in the above experiment were to study the behaviour of
different elements (eg. selenium) in soil, its effect on soil life, the uptake by
and transport within the plants and effects on the quantity and quality of the
crop.

Soil and plant samples from the above field experiment were analysed using
an OPTIMA 3300DV inductively coupled plasma optical emission spec-
trometer (ICP-OES) and Thermo Elemental inductively coupled plasma mass
spectrometer (ICP-MS).
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Abstract

Selenium (Se) is an essential element for humans. Dietary Se intakes in the
UK have fallen from 60 pg d”' in 1974 to <39 pg d” in recent years (re-
viewed by Rayman, 2002) and this is thought to be due to the replacement of
bread wheat sourced from North American wheat (high in Se) with European
wheat (low in Se). A concomitant decrease in the blood plasma Se concen-
trations of the UK population has been recorded. The effects of sub-optimal
Se intakes on human health include impaired immune function, increased risk
of cancers, increased oxidative stress and reduced fertility. One solution to
this problem in the UK might be to adopt a fertilisation strategy based on the
Finnish experience (Rayman, 2002). Thus, the primary aim of this (ongoing)
study is to determine if the Se content of some commonly-grown UK crops
can be increased to levels that would increase dietary Se intakes in the UK,
using Se-containing fertilisers.

First, the effects of Se fertilisation level on the growth and Se content of
crops under field conditions are being determined in three replicate experi-
ments running from 2003 to 2005. Four arable crops (wheat, oilseed rape,
maize and soya), and four vegetable crops (potato, carrot, onion and white
cabbage) were selected for the experiment because they contribute signifi-
cantly to the UK diet. Shoot Se contents are being determined by induc-
tively-coupled emission spectrometry (ICP-ES). Preliminary data from 2003
and 2004 will be presented.

Second, we are exploring complementary approaches to using Se fertilisers to
increase dietary Se intakes. For example, it may be possible to increase crop
Se accumulation by manipulating the S supply and/or by selecting or breed-
ing appropriate crop varieties. Thus, in a second series of experiments, a
model plant specie Arabidopsis thaliana (Brassicaceae family) is being
grown on a nutrient-replete agar supplemented with various concentrations of
Na,SeQ,. Initally, the effects of interactions between external Se and S on
the growth and shoot concentrations of Se and S were determined (White et
al., 2004). These studies have indicated that several transport proteins, with
contrasting selectivities, mediate the uptake of Se and S into plants, and that
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the relative activities of these transporters are governed by plant nutritional
status. They also indicate that Se toxicity is directly related to the Se:S con-
centration ratios in the shoot. In other experiments, the interaction between
Se fertilisation (E) and genotype (G) is being studied in a population of re-
combinant inbred lines from an artificial cross between Landsberg erecta
(Ler) x Columbia (Col) accessions of 4. thaliana. This population was cho-
sen as it has previously been shown to segregate for other mineral composi-
tion traits (Payne et al., 2004). Experiments are being conducted in a nutri-
ent-replete agar of contrasting Se compositions, which thus allows E, G and
E x G interactions components to be quantified. These experiments will also
enable chromosomal loci that impact on shoot Se concentrations to be identi-
fied. The use of radiolabelled Na”’SeQ, to determine shoot Se content in A.
thaliana is facilitating the high-throughput of plant samples demanded by this
work.

Payne, K.A., Bowen, H.C., Hammond, J.P., Hampton, C.R., Lynn, J.R.,
Mead, A., Swarup, K., Bennett, M.J., White & P.J., Broadley, M.R. 2004.
Natural genetic variation in caesium (Cs) accumulation by Arabidopsis
thaliana. New Phytologist 162: 535-548.

Rayman, M.P. 2002. The argument for increasing selenium intake. Proceed-
ings of the Nutrition Society 61: 203-215.

White, P.J., Bowen, H.C., Parmaguru, P., Fritz, M., Spracklen WP, Spiby,
R.E., Meacham, M.C., Harriman M., Trueman, L.J., Smith, B.M., Thomas,
B. & Broadley, M.R. 2004. Interactions, between selenium and sulphur
nutrition in Arabidopsis thaliana. Journal of Experimental Botany 55:
1927-1937.

Key words: selenium, food, intake
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Abstract

Selenium (Se) and iodine (I) are essential micronutrients for humans and
animals, and deficient and marginal intakes are widespread. Staple cereals
with superior ability to take up these elements from the soil and load them
into grain have the potential to improve the Se and I status of whole popula-
tions. In this study, diverse cereal germplasm from surveys and field trials
conducted in Australia, Mexico, Nigeria and the USA, was evaluated for
genotypic variation in grain density of Se and I. Much of the variation in
grain Se density was associated with spatial variation in soil available Se,
particularly in South Australia. No significant genotypic variation was de-
tected in grain Se density among modern commercial bread or durum wheat,
maize, triticale or barley varieties. However, the diploid wheat, Aegilops
tauschii L. and rye were higher than other cereals in field and hydroponic
trials. No genotypic variation was detected in grain I concentration in the
wheat or maize cultivars tested. Se was more evenly distributed throughout
the grain of wheat than rice. Although concentrations of available Se and I in
soil are the most important determinants of levels of these micronutrients in
cereal grain, there may be sufficient genotypic variability in Se and I density
in rice to enable selection for these traits. Further evaluation of diverse rice
germplasm grown together on various soil types is needed to confirm this.
Given that substantial Se and I (particularly 1) are lost during polishing,
screening programs should investigate possible genotypic differences in grain
distribution of these micronutrients, with selection for greater concentration
in the endosperm a primary criterion.

Key words: genotypic variation, iodine, maize (Zea mays L.), rice (Oryza
sativa L.), rye (Secale cereale L.), selenium, wheat (Triticum aestivum )
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Abstract

Selenium (Se) is not considered to be essential for higher plants. We evalu-
ated diverse plant species for growth and fertility responses to applied Se.
Trials included wheat field trials of randomised split-plot design, in vitro
cereal germination and early growth studies, pot trials conducted in glass-
house and phytotron, and hydroponic trials using very pure nutrients con-
ducted in glass cabinets with filtered air. Our findings include a 72% and
65% increase in seed pod number in Arabidopsis thaliana L. and vetch (4s-
tragalus sinicus L), respectively, a 14% increase in whole top biomass in A.
sinicus, and an 8% increase in seedling root growth in wheat (Triticum aesti-
vum L.). No yield increases were observed in our field trials that investigated
Se fertilisation of wheat. These studies contribute to mounting evidence of a
beneficial role for Se in higher plants.

Key words: Arabidopsis thaliana L., fertility, growth, micronutrient, sele-
nium, Astragalus sinicus L., wheat (Triticum aestivum L.)
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Abstract

Selenium fertilization of plants has been used to increase the nutritional sele-
nium levels in humans and animals. The speciation of selenium in samples is
necessary to understand selenium mobility, uptake and toxicity. The aim of
this work was to check the ability of peas to accumulate Se by hydride gen-
eration atomic fluorescence spectrometry (HG-AFS) and to identify the sele-
nium species in peas seeds by high performance liquid chromatography-UV
photochemical digestion-hydride generation atomic fluorescence spectrome-
try (HPLC-UV-HG-AFS) using selenomethionine, selenocystine, selenate,
selenite and Se-methylselenocysteine standards. In this study pea (Pisum
sativum L.) was treated once or twice by spraying leaves with a water solu-
tion containing 15 mg Se/L in the form of sodium selenate at flowering time.
The average total Se content in seeds was 21 £2, 383 £19 and 743 £ 37
ng g in nontreated and once and twice foliarly treated plants, respectively.
After water extraction 32 £ 3 % of Se was in soluble form and no selenium
species were found in extracts under found optimal conditions of HPLC-UV-
HG-AFS. After enzymatic hydrolysis 92 % of Se was soluble in seeds and a
great part of added Se (VI) was converted to selenomethionine representing
49 and 67 % in once and twice treated plants, according to the total Se con-
tent. The other part of soluble selenium in supernatants after enzymatic hy-
drolysis was not detected.

Key words: Pisum, peas, HPLC, selenate, foliar fertilisation
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Abstract

Six bread wheat (Triticum aestivum) cultivars were grown under greenhouse
conditions to study the role of increasing sulfur (S) application (0, 75 and 225
mg S kg’ soil) on dry matter production, shoot accumulation of selenium
(Se) and development of Se toxicity symptoms. Plants were grown for 3
weeks in greenhouse under different Se (0, 0.2, 1 and 5 mg Se kg™ soil) and S
treatments which were applied in forms of sodium selenate and CaSOy,, re-
spectively. As the genoypic differences found for sensitivity to Se toxicity
and Se accumulation in shoot were relatively small, the results obtained are
presented as average of all cultivars. At the nil Se, growing plants without S
application did not affect dry matter production of plants compared to the
plants treated with increasing S application, indicating that the S status of the
soil used in the experiments was not limited to plant growth. Increasing Se
application to soil from 0 to 5 mg kg™ significantly reduced plant dry matter
production only at the low S applications. As average of all cultivars, de-
creasing Se supply from 5 to 0 mg kg™ increased plant dry matter production
11-fold at the nil S treatment and only 1.2-fold at the a 225 mg kg S treat-
ment.

When plants were grown at the highest Se application without S, very severe
toxicity symptoms, such as whitish and chlorotic patches, developed on the
older leaves, mainly on the leaf basis. The leaf parts affected particularly by
Se toxicity were whitish and had an albino appearance, lacking chlorophyll.
Application of S prevented development of these leaf symptoms. Severity of
Se toxicity symptoms on leaves were not directly related to the tissue concen-
tration of Se and greatly affected from the concentrations of S in leaves. In S-
treated plants containing 398 mg Se per kg dry weight of leaves there was no
or slight Se toxicity symptoms on leaves, while in plants with 213 mg Se per
kg dry weight of leaves, but without S treatment, leaf symptoms were very
severe, and there were marked decreases in dry matter production. This indi-
cates importance of Se/S ratio in the tissue in development of Se injury in
plants. Sulfur application caused marked decreases in Se concentration of
plants. Increase in S application from 0 to 225 mg kg™ reduced Se concentra-
tion of plants from 28 to 3 mg kg™ at the Se rate of 0.2 mg kg, from 213 to
22 at the Se rate of 1 mg kg™ and from 1542 to 398 mg kg™ at the Se rate of 5
mg kg'. By contrast, increasing Se applications generally increased S con-
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centration of plants, in most cases by 2-fold. This increasing effect of Se on S
accumulation was more pronounced in the case of total amount of Se per
plant (S content).

The results obtained indicate that the toxic effects of Se in wheat plants can
be markedly minimized by increasing S applications. Sulfur is highly effec-
tive in repressing uptake of Se by roots. Sulfur is also affective to interfere
with the toxic actions of Se at cellular level. Therefore, the critical toxic Se
concentrations in leaves are much greater in plants containing lower than the
plants with higher S concentrations. In contrast to the S-induced decrease in
Se uptake, increasing Se application stimulated S uptake of plants. It seems
very likely that there is a common uptake system (sulphate transporter?) me-
diating uptake and transport of Se and S in wheat. The stimulating effect of
Se on accumulation of S in plants suggests that Se possibly interferes with
the action of sulphate to repress the activity of sulphate transporter.

Key words: wheat, selenium, sulphur
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Previous reports (Ermakov 2003) have shown that selenium concentrations in
Buriatian oodstuffs are in the range of 20-280 ng/kg, revealing the possibility
of local severe selenium deficiency similar to the Se deficiency in the Chita
region, where the range of foodstuff selenium concentrations is much nar-
rower and lower, 10-80 pg/kg. The selenium concentration in foods grown
and consumed and in plasma and hair of people living in Buriatia were com-
pared with that of the endemic Chita region of Russia. The mean (SD) results
for the selenium concentration in cereals of Buriatia were in wheat 53+13
ng’kg (n=9, 31-78 pg/kg), barley 54 ng/kg (n=6), oats 49+24 pg/kg (n=4, 43-
86 ng/kg) and rye 22-29 ug/kg (n=2). The selenium concentration of milk
was 100 pg/kg dry matter and of meat of domestic animals , pork 18-173
pg/kg, beef 49-144 ng/kg, mutton 162-225 pg/kg and horse 148-152 pg/kg
fresh matter (32-218 pg/kg dry matter for Chita region). The mean selenium
concentration of bread was extremely high and similar to that of the Chita
region, 202+149 pg/kg dry matter (54-433 pg/kg, n=14) indicating the utili-
zation of imported high-selenium wheat in the republic. Fish of Baikal and
other lakes of Buriatia seem also to be an important source of selenium for
human beings. Values as high as 347 £179 ug/kg fresh matter (10 species,
range 84-687 ng/kg) were typical for small lakes of Buriatia and different
parts of Lake Baikal.

The human selenium status of Buriatia residents were characterized by
plasma selenium concentration 0.85+0.16 umol/L (n=21, Uhlan-Ude)
and hair selenium content, 408+78 pg/kg (n=86, 297-531 ng/kg). Ac-
cording to meat and human hair selenium data, selenium deficiency is
typical for a relatively narrow territory located in the South-East of
Buriatia that includes Selenga, Uhlan-Ude, Eravna and Mukhorshibirsk
regions. Cereal selenium values were higher than values typical for the
Chita region. Thus local selenium deficiency and utilization of im-
ported wheat with high selenium content are the main characteristics of
modern selenium status of Buriatia. Nevertheless the situation may be
worsened in case selenium-rich wheat imports are discontinued.
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Abstract

Selenium deficiency is widespread across the globe. Recently we have come
to a conclusion that Se-enriched eggs could be used as an important delivery
system of this trace mineral for human. In particular, development and com-
mercialisation of the organic form of selenium (Sel-Plex, Alltech, USA)
opened a new era in production of selenium-enriched products. It was shown
that egg selenium content could be easily increased when organic selenium is
included in the diet at a level to provide 0.4-0.8 ppm Se. As a result, the tech-
nology for production of eggs delivering ~50% (30-35 ug) of selenium RDA
was developed and successfully tested. Currently companies all over the world
produce and market Se-enriched eggs. For example, in Russia there are 12
poultry farms in various regions producing se-enriched egs, while in Ukraine
RozDon poultry farm produces more than 1 million Se-enriched eggs daily.
Prices for those eggs varied from country to country and are similar to those
for free-range eggs. Clinical studies conducted with healthy volunteers in
Ukraine showed that consumption of two Se-enriched eggs per day for 8
weeks significantly increased Se level in plasma. Therefore, Se-enriched eggs
are considered to be an effective solution of the Se-deficiency in various coun-
tries all over the world.

Key words: selenium, egg, nutrition
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Abstract

The problem of health maintenance has always been, and is still remaining to
be, one of the most important and topical problems in biology and medicine.
The results of epidemiologic observations and statistical analyses show slow-
ering down of the progress in extending the life - span of the population of
the Republic of Belarus and premature mortality of severe chronic infectious
disease, such as heart diseases and malignant tumors.

The majority of premature death cases among men and women is caused by
either unbalanced nutrition or excessive consumption of fat and salt, or die-
tary selenium, potassium, calcium, nutrition fibre and vitamin deficiencies
which reduce bodily adaptation capacities and stability towards the action of
xenobiotics.

The physiological antioxidant protection system, with selenium being a com-
ponent, is stressed to the greatest extent. This is related to the fact that the
population of many country's regions is exposed to low doses of ionizing
radiation and dwells in areas characterized by increased heavy metal and
other xenobiotic contents.

The situation is aggravated by the territory of the Republic of Belarus being a
bio- and geochemical region where the selenium levels are lower than the
critical ones in soil (0.1 mg/kg) and not more than 10 ug/l in drinking water.
Therefore the content of selenium, as a natural antioxidant, in foodstuffs and
methods for selenium status improvement are of pivotal interest for the coun-
try. The average daily consumption as recommended by FAO must be 50-200
ug per day.

Bread can be supplemented with selenium by adding the inorganic form (so-
dium selenite) directly during baking or by using bioselenium yeast, contain-
ing selenium as inorganic compounds (selenium methionine or selenium cys-
teine), in production of bread. Data are given on implementation of the sele-
nium supplementation technology by different bakeries of the Republic of
Belarus and Russian.

Key words: selenium supplementation, bread, bioselenium, sodium selenite,
selenium methionine
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Abstract

Deficiency of selenium has been associated with various disorders such as
cancer, heart disease and Keshan disease. Milk is an important source of this
nutrient, since it supplies about 20% of the daily intake selenium in Scandi-
navian countries. Thus, it may be possible to increase selenium intake by
improving the content of selenium in milk. The aims of this study were to
investigate the effect of selenium supplementation in cow feed on the proper-
ties of bovine milk and to study the relationship between selenium and differ-
ent selenoproteins in mammary tissue.

Six cows were divided into two groups, which were fed with selenium forti-
fied feed (25 mg organic Se/day) or control feed. Selenium contents in bo-
vine serum and milk were measured with graphite furnace atomic absorption
spectrometry (GF-AAS) and inductively coupled plasma mass spectrometry
(ICP-MYS), respectively. Selenium content in serum was increased more than
three fold after two weeks’ of supplementation in both groups, whereas the
concentration of selenium in milk was increased approximately six fold dur-
ing the same period. The rate at which selenium increased in milk was sig-
nificantly higher than that in serum. The increased incorporation of se-
lenomethionine into milk proteins conferred novel antioxidant properties and
enhanced the oxidative stability of milk.

In another sub-project mammary tissue obtained at slaughter of nine cows
with different age and lactation stage, was analysed for selenium content
(ICP-MS) and enzyme activities of thioredoxin reductase (TR) and glu-
tathione peroxidase (GSHPx). The results showed that the activities of TR
and GSHPx varied six and fifteen fold between mammary tissues, respec-
tively. There were positive correlations between the following variables: Se
and TR (p<0.01), TR and GSHPx (p<0.01) and Se and protein content
(p<0.01). This indicated that selenium status regulated selenoprotein activi-
ties in bovine mammary gland but also other variables seemed to be of im-
portance.

Key words: selenium supplementation, milk ,mammary tissue, thioredoxin
reductase, glutathione peroxidase
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Abstract

Introduction: Knowledge about selenium content in Estonian food chain is
limited as no systematic selenium study is ever done in Estonia. Aim of our
study was to evaluate selenium status in dairy cows and feed samples.

Materials and methods: Altogether, 17 commercial dairy herds from 13
Estonian districts were studied. Blood samples from ten cows in each farm
were collected. From each farm grain sample was taken. Information about
feeding of selenium containing feed supplements and grain origin was asked.
Selenium content in grain and glutathione peroxidase (GPx) activity in
haemolysed whole blood was analysed.

Results and discussion: Mean GPx activity in cows was 92-1204 pKat/l.
Dividing cows into selenium-deficient (GPx<472 pkat/L) and non-deficient
(GPx>472 pkat/L) group, it came evident that 66% cows were selenium-
deficient and only 34% of the cows belonged to the non-deficient group. Lo-
cally grown grain was used in 10 farms. Selenium content in local grain was
below 0.02 mg/kg dw in 6 samples and 0.04-0.12 mg/kg dw in 4 samples.
Selenium content in commercial grain was 0.37-0.90 mg/kg dw (n=7). Sele-
nium containing mineral feed was used in 9 farms. Results of our study con-
firm the presence of selenium-deficiency in plant-animal chain in Estonia.
Selenium status in Estonian food chain must be monitored to decide on the
most effective way of selenium supplementation.

Key words: Selenium, glutathione peroxidase, dairy cow, bovine, grain, feed
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Abstract

In Belgium, the selenium (Se) content in locally produced feedstuffs is low.
Since October 2002, the Belgian Blue herd of the Experimental Station was
divided in two groups (control and Se groups). Fertilizers enriched or not
with Se were spread on pastures used for grazing or for the production of
grass silage and on fields in which winter barley or maize were grown.

The use of Se enriched fertilizer increased the Se content in grass of grazed
pastures by 4.8 times (248.3 vs. 51.8ug/kg DM), in grass silage by 3.5 times
(186.9 vs. 53.4ug/kg DM), in winter barley by 6.5 times (286.3 vs. 43.7ug/kg
DM) and in maize silage by 3.8 times (27.0 vs. 102.4ug/kg DM). The blood
Se content measured by the activity of glutathione peroxidase remained low
at 27.2ug/l in the cows of the control group. By contrast the blood Se content
started to increase on the end of the first winter period in the Se group. Dur-
ing the first grazing period, the concentration sharply increased to reach a
plateau at 80ug/l. The concentration decreased then during the winter period
at an average concentration of about 55ug/l. The pattern of Se concentration
was similar during the following two seasons. These lower concentrations
during the winter period were associated to the relative contribution of Se
enriched feedstuffs in the winter diet.

It appeared thus from the present trial that Belgian Blue cows responded to a
large extent to a Se supplementation by feedstuffs grown with Se enriched
fertilizers.

Key words: Belgian Blue herd, selenium fertilization, glutathione peroxidase
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Abstract

Twenty multi-parous Holstein Friesian cows were used to compare effects of
an organic selenium (Se) supplement (Sel-Plex®, batch n® SEK-941, 2234 +
198 mg Se/kg) with an inorganic Se supplement (Na,SeO;) on the perform-
ance and health of dairy cows. All cows received the same basal TMR com-
prising of maize silage (375 g/kg DM), grass silage (125 g/kg DM), cracked
wheat (250 g/kg DM), soyabean meal (135 g/kg DM), rapeseed meal (100
g/kg DM) and mineral mixture (15 g/kg DM) providing dietary Se concentra-
tions (mg/kg DM) of 0.15 (T1 control, no additional Se), 0.27, 0.33, 0.41
(T2-T4, Sel-Plex®) and 0.25 (TS5, Na,SeOs;). There were no significant
treatment effects on DM intake, milk yield, milk composition, milk urea,
SCC or many aspects of blood chemistry and haematology. Treatments T1 —
T5 had whole blood Se concentrations of 211, 214, 235, 251 and 208 ug/l,
respectively. Milk Se concentrations followed a similar trend with values of
19, 28, 40, 54 and 21 pg/l for treatments T1 to T5 respectively. Correspond-
ing Se values for urine (mg/1) and faeces (mg/kg DM) were 0.02, 0.05, 0.08,
0.14 and 0.06 and 0.37, 0.51, 0.65, 0.78 and 0.58 for treatments T1 to T35,
respectively. Subsequent regression analysis indicated a significant linear
(P<0.001) response of increasing dietary Se concentration on the Se content
of blood, milk, urine and faeces. Pairwise comparison of treatment means for
T2 (Sel-Plex®) and T5 (Na,SeOs) showed significantly (P<0.05) higher total
Se concentration in milk of Sel-Plex® supplemented cows (27.8 vs. 20.8 ug
Se/l), of which a greater proportion of total selenium was in the form of se-
lenomethionine. The results of this study indicate that the use of the organic
selenium additive Sel-Plex® is an effective way of increasing the Se content
of milk.

Key words: organic selenium, selenite, milk, blood, faeces, urine
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Abstract

In order to comply with EU regulations (2001/79/EC) a tolerance study in-
vestigating the effects of feeding at least ten times the maximum recom-
mended dietary concentration of selenium (Se), derived from selenized yeast
(Sel-Plex®, batch n® SEK-941, 2234 + 198 mg Se/kg), was undertaken with
28 multi-parous Holstein Friesian cows. Animals were allocated to one of
two dietary treatments, Treated (T) or Control (C), on the basis of milk yield
and parity. The study comprised one continuous 60 day period where both
treatment groups received the same basal TMR (maize silage [375 g/kg DM],
grass silage [125 g/kg DM], cracked wheat [250 g/kg DM], soya bean meal
[135 g/kg DM], rapeseed meal [100 g/kg DM] and mineral mixture [15 g/kg
DM]) that had been either supplemented with Sel-Plex® (mean Se content
6.25 + 0.78 mg/kg DM) or fed as a control ( mean Se content 0.15 £ 0.06
mg/kg DM). Blood and milk samples were taken on days 0, 20, 40 and 60
and subjected to a range of analyses. Although there was a trend towards
lower DM intake in group T, there were no other significant treatment effects
on either milk yield or milk composition, in terms of milk fat and protein.
There were few significant treatment effects on many of the aspects of blood
chemistry and haematology. Mean whole blood and milk Se concentrations
in group T at days 0, 20, 40 and 60 were 142, 695, 805 and 1058; and 15,
456, 522 and 422 ug/l, respectively. Corresponding Se values for group C
were significantly (P < 0.001) lower with whole blood and milk Se concen-
trations of 142, 213, 190 and 284; and 17, 33, 36 and 40 pg/l. Furthermore,
the proportion of Se that comprised selenomethionine increased from 13 to
49% in blood and 28 to 96 % in milk for group T. Cow health was unaf-
fected by treatment and there was no indication of adverse effects associated
to high dose (> 10x) Sel-Plex® supplementation.

Key words: organic selenium, tolerance, dairy cows
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Abstract

In Finland, the use of white clover has recently increased especially in or-
ganic farming. However, information on its mineral content is very sparse.
Therefore, contents of Ca, P, Mg, K and Se of white clover grass without
nitrogen (CGO) and grass-only pastures with annual nitrogen rates of 0 (GO0),
120 (G120) and 250 (G250) kg ha were studied in organic soil. The pastures
were grazed twice per season by growing lambs. Feed intake was determined
by n-alkanes. The white clover contents averaged 36% and 42% in the first
and the second grazing period.

At the beginning of grazing the Se content averaged 0.19, 0.16, 0.29 and 0.29
ppm in CGO, GO, G120 and G250 pastures (p=0.01), respectively. When the
season progressed, the Se content decreased in all pastures and averaged
0.015 ppm in late August. There was no difference in Se content between
fertilized G120 and G250 pastures (0.09 ppm), but Se contents of unfertil-
ized CGO (0.07 ppm) and GO pastures (0.06 ppm) were significantly (p<0.01)
lower. The Ca and Mg contents and the Ca/P ratio were higher, and the
K/(CatMg) equivalent ratio lower in white clover grass than in grass-only
swards.

Daily Se supply was calculated according to herbage intake estimation and it
averaged 0.09, 0.08, 0.11 and 0.12 mg per lamb in CGO0, G0, G120 and G250
pastures, respectively. The daily Se requirement of sheep is 0.1-0.2 ppm and
at minimum 0.06 ppm is needed for the prevention of white muscle disease.
Except selenium the mineral composition was more balanced for growing
lambs when white clover was added to grass pasture.

Key words: grazing, legume, mineral content, sheep, sward, Trifolium repens
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Abstract

For the last few years a great body of scientific information indicates that
organic selenium is more effective in transferring to the egg and the develop-
ing embryo in comparison to sodium selenite. The aim of the study was to
evaluate effects of the replacement of sodium selenite by organic selenium in
the form of Sel-Plex (Altech, USA) in goose diets in commercial conditios.
In the experiment 5672 Italian White Goose Breeders were divided into 3
groups. Control group was fed on the commercial diet without Se supplemen-
tation, second group was supplemented by sodium selenite (0.3 ppm Se) and
third group was supplemented with the same amopunt of Se (0.3 ppm) in the
form of Sel-Plex during the laying period. Fertility was shown to be 93.4,
96.7 and 97.1%, while hatchability of fertile eggs was 67.2, 71.3 and 75% in
the control and experimental groups respectively. The weight of the day-old
gooslings was shown to be 93.9, 96.4 and 98.8 g respectively. Therefore,
these data indicate that the replacement of the sodium selenite by Sel-Plex
could improve reproductive performance of geese in commercial conditions.

Key words: selenium, egg, nutrition
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Abstract

There is substantial evidence on the complexity of selenium speciation in
living organisms and on the importance of the selective determination of the
particular species of this element in order to understand its metabolism in
environmental and clinical chemistry, ecotoxicology and nutrition. The major
fields of interest include: (i) characterization of selenium species in plant and
animal organisms with a special focus on edible tissues, (ii) speciation of
metabolite products (selenoaminoacids, selenopeptides and selenoproteins) in
organisms growing in selenium rich environment, (iii) speciation of selenium
metabolites in body fluids, (iv) characterization of selenium enriched food-
stuffs, food supplements and fodders available on the market.

The myriad of selenium species with different physicochemical properties
present in biological systems represents a challenge to the analyst. The most
popular approach is the use of so called hyphenated techniques representing a
unique analytical tool able to provide qualitative and quantitative information
on element species at trace and ultratrace levels in complex matrices. The
multiple areas of interest in the field selenium speciation require dedicated
analytical approaches, both in terms of the separation technique and the ele-
ment or molecule specific detection used. Since many selenium compounds
have not been identified yet the role of molecular identification techniques
such as GC MS for volatile species, ES MS/MS for selenopeptides and
MALDI TOF for selenoproteins cannot be overestimated.

The presentation discusses analytical chemistry of selenium species related to
biological materials on the basis of the practical experience gathered in a
decade of research in the field.

Key words: selenium, speciation, selenoproteins, biological material
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Abstract

Selenium is an essential element playing a vital role in many metabolic func-
tions and showing some cancer preventive properties. The main source of Se
intake is food. However, the concentration of food production in regions with
low soil selenium content has led to decline in the amount of this element in
human food supply which poses potential health risk. Among selenium food
sources, particular attention is paid to edible animal tissues of animal origin
such as meat and eggs due to their nutritional importance. Strategies of Se
supplementation aimed at increasing its uptake by animals (broilers and lay-
ers) were proposed resulting in higher Se content in respective foodstuffs.
The interest in species selective determination of selenocompounds results
from their different bioavailability in humans and potential importance for
the stability and quality of the marketed products.

The study presented concerned chicken meat (breast and leg) and eggs from
animals fed with selenium enriched (both inorganic and organic) and control
diets. Size-exclusion HPLC — ICP MS of sequential foodstuffs extracts
(aqueous followed by SDS) was used to study selenium speciation. Addi-
tional information on the selenium incorporation into proteins was obtained
by quantification of selenoaminoacids by RP HPLC-ICP MS after prote-
olytic digestion of meat and egg samples.

Significantly higher selenium content was observed in edible tissues of ani-
mals fed with organic selenium rich diet. The supplementation with organic
selenium is accompanied by a relative increase in the high-molecular sele-
nium species and an increase in the selenomethionine concentration with no
change in the selenocysteine level. No such phenomenon was observed for
the samples supplemented with inorganic selenium.

Key words: selenium, speciation, animal tissue, HPLC, ICP-MS
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Both Finland and Estonia belong to the Scandinavian area, surrounding the
Baltic Sea, which is regarded to be selenium-deficient (Reimann et al. 2003).
During the time when Finnish soil has been supplemented with selenium, the
situation in Estonia, in our nearest neighbour in south, has been still ‘un-
touched’. The objective of the present study is to sum up the dietary intake of
selenium of Estonian people with the aid of serum selenium concentration.

In the 1990°s our research team collected several series of serum specimens
from Estonians of different age and living in different geographical areas. In
total, selenium concentration was analysed in 434 serum samples by the elec-
tro thermal atomic absorption spectrometry. First samples were collected in
the beginning of 1990's, and the last ones during the years 2000 and 2001.
The findings are gathered up in this study and they are compared to the re-
sults found in the literature, especially those of Finns.

It is well known that nutrition is the main determinant of serum selenium. We
found that the dietary selenium intake among the Estonian people is scarce
based on the concentration of selenium in the sera. The range was 31.5-131
pg/L (0.40- 1.66 umol/l). The selenium contents of Estonians were at the
similar level as reported for Finns before the selenium supplementation of
fertilisers was carried out in Finland in 1985. Anyhow, the selenium concen-
trations were strongly dependent of the geographical location of living resi-
dences: the highest concentrations were found in the Eastern Estonia. A ten-
tative reference value for omnivorous apparently healthy adults is suggested
to range from 0.50 to 2.50 mol/l (Alfthan et al. 1996).

Reimann, et al. 2003. Agricultural soils in Northern Europe: A geochemical
atlas. Hannover
Alfthan, G,, Neve, J. J. 1996. Trace Elements in Med. Biol. 10: 77-78.

Key words: selenium, serum, Estonians
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Abstract

Higher dietary selenium intake has been shown to reduce cancer incidence in
numerous studies suggesting a possible role for selenoproteins in cancer inci-
dence and progression. Glutathione peroxidase 1 (GPx1) is the cytosolic form
of a larger family of selenium dependant, glutathione peroxidases. These
enzymes detoxify hydrogen peroxide and its organic hydroperoxidases and
are a defence against cellular oxidative damage, a major factor in oncogene-
sis. A single nucleotide polymorphism (SNP) results in the substitution of
proline with leucine at codon 198. Proline is known to cause a ‘kink’ in the
secondary structure of polypeptides and therefore this SNP may affect the
functionality of GPx1. The rare allele has been associated with an increase in
risk of breast (OR 1.906 95% C.I. 1.016-3.576), lung (OR 2.3 95% C.I. 1.3-
1.8) and bladder cancer (OR 2.63 95% C.1I. 1.45-4.75). We determined geno-
types for the Pro/Leul98 polymorphism using a TagMan™ allelic discrimi-
nation assay in the CAPS study (CAncer Prostate in Sweden) of 1400 pros-
tate cancer cases and 800 cancer-free controls. The control population was in
Hardy Weinberg Equilibrium and data analysis was undertaken using SPSS,
adjusting for age and geographical location. No association was found be-
tween the Leu allele and prostate cancer risk but we are investigating whether
it has an affect on metastasis by assessing the impact on clinical markers of
severity. Furthermore, in this population of relatively low selenium status
(mean +SD plasma selenium 75ug/L + 15 in 50 controls) the available sele-
nium may be prioritised for the synthesis of more important selenoproteins,
thus diminishing the effect of the Pro/Leul98 polymorphism.

Key words: GPxl, selenium, prostate cancer, SNP
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Abstract

Endogenous intoxication (EI) accompanied by oxidative stress (OS) is most fre-
quently simulated by parenteral administration of bacterial lipopolysaccharide
(LPS). The glutathione (G-SH) system impairments, which follow EI, are poly-
organic and represent a characteristic manifestation of OS. Prevention of OS by
modulation of Se-cysteine-containing proteins and antioxidant protection en-
zymes (glutathione peroxidase, thioredoxine reductase, selenoprotein P, etc) is a
rational approach enabling to substantiate new technologies for prevention of
oxidative stress and stress-induced pathology.

The experiments were carried out on 40 Wistar CRL:(WI) WUBR female albino
adult rats subdivided into 5 groups and treated with Se-containing substances
(intragastrically, 250 mikrog Se/kg body weight in a 2% starch solution) in the
following order: group 1- control, 2- selenite, 3- dimethyldipyrasolylselenide, 4-
Se-pyrane, 5- Se-methionine. The Se-consumption with feed was 0.14 ppm. On
day 10, half of the animals from each group were administered subcutaneously
with E. coli LPS (Sigma, L-2630) at a dose of 400 mikrog/kg body weight, and
development of EI and OS was observed by measuring colonic temperature as
well as OS product accumulation in blood plasma and erythrocytes.

EI was found to be followed by Se mobilization from blood plasma, decreased
plasma and liver GSH level and glutathione-S-transferase (GT) activity, G-
SH/G-SS-G ratio and total glutathione in liver, with liver glutathione reductase
(GR) activity being unchanged. The 10-day selenite and Se-methionine admini-
stration caused selenemia enhancement, decreasing in group 2 and being un-
changed in group 5 with EI. The administration of Se-substance (with the excep-
tion of Se-pyrane) prevented a reduction of plasma and liver G-SH (with the
exception of selenite). The protective selenite effect was also absent in studying
the G-SH/G-SS-G ratio and total glutathione. The highest liver glutathione redox
state level was observed in experimental group 5 (Se-methionine administration)
where it was above the control values, but was not followed by GR activation.
The activity of the latter was diminished in selenite-treated animals. The group 2-
5 animals had increased liver GT activity, and no LPS-caused decrease was ob-
served after the dimethydipyrasolylselenide and Se-methionine administration.

Key words: selenite, dimethyldipyrasolylselenide, Se-pyrane, Se-methionine,
glutathione, glutathione-S-transferase, liver, selenemia, oxidative stress
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Abstract

We studied the content and the ratio of the glutathione oxidized and reduced forms
(GSSG, GSH, total G) as well as glutathione reductase and glutathione peroxidase
activities (t-BOOH and H,O, substrates) in the liver, duodenal, small and large intes-
tines of albino rats (Wistar CRL:(WI) WUBR) consuming a low selenium diet sup-
plemented with sodium selenite (SS) in drinking water or the organic preparation Se-
dimethyldipyrasolyl selenide (DPS) (both at a dose of 0,1 mikrog Se/ml water). The
Se-consumption with feed was 0,14 ppm. Some animals were administered intraperi-
toneally with E. coli lipopolysaccharide (Sigma, L-2630) at a dose of 400 mikrog
LPS/kg body weight to provoke endogenous intoxication (EI, endotoxemia).

The development of hyperthermia was monitored by measuring colonic temperature,
increasing blood plasma oxidative stress indices and their slackening in SS and DPS
consumption. EI elevated the GSSG concentration and reduced the liver GSH/GSSG
ratio, which was not found in the SS- and DPS - supplemented animals. Glutathione
peroxidase activity turned out to be considerably increased in consuming Se-
containing preparations, however, the greatest increase was after the SS administra-
tion.

The EI development in the duodenal, small and large intestinal mucosa was accom-
panied by an identical decrease of GSH amount, the GSH/GSSG ratio and total G.
The SS consumption elevated the GSH/GSSG ratio in all the intestinal regions and
the total G in the large intestine as well as activated glutathione reductase in the small
intestine. Both the Se-containing compounds stabilized the mucosal G system
(probably, synthesis of G) in EI, which was pronounced in the large intestine.

The results obtained indicate considerable variations in formation of Se-cysteine liver
and intestinal stores in consumption of organic and inorganic selenium forms and
enables to optimize the schemes for prevention and pathogenetic treatment of oxida-
tive stress- induced pathologic processes in hepatology and gastroenterology.

Key words: selenite , dimethyldipyrasolyl selenide, glutathione peroxidase,
glutathione reductase, glutathione, intestinal mucosa
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Abstract

This study examined the effects of selenium supplementation on the activity
of glutathione peroxidase and thioredoxin reductase and how this impacted
on myocardial function post ischemia reperfusion. Methods: Male wistar rats
were fed diets containing 0, 50, 100 and 1000 ug/kg sodium selenite for 5
weeks. Hearts were subjected to Langendorff ischemia and reperfusion, with
functional recovery assessed. Heart tissues were assayed for thioredoxin re-
ductase and glutathione peroxidase activity, mRNA expression and for lipid
peroxides and protein carbonyls. Results: Hearts from selenium deficient
animals were more susceptible to ischemia-reperfusion injury when com-
pared to normal controls (38% recovery of RPP vs 47% RPP) whereas sele-
nium supplementation resulted in improved recovery of cardiac function post
ischemia-reperfusion (57% recovery of RPP). There were significantly less
lipid peroxides and protein carbonyls in hearts from rats on high selenium
diets. The endogenous activity of thioredoxin reductase and glutathione per-
oxidase and the expression of mRNA for these proteins was increased in
selenium supplemented animals. Conclusions: Selenium supplementation
reduces oxidative stress and improved cardiac function post ischemia reper-
fusion in rats.

Keywords: selenium, anti-oxidant enzyme, ischemia reperfusion injury
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Abstract

Recent studies have reported functional polymorphisms in several selenopro-
tein genes and association of these allelic variants with cancer risk. The
model for chemoprevention by selenium suggests that reduced levels of one
or more selenoproteins increase cancer risk, with these levels affected by
reduced dietary intake and genetic polymorphisms that result in an increased
Se requirement. In this study, we investigated the effect of single nucleotide
polymorphisms (SNPs) in the selenocysteine insertion sequence (SECIS)
element which is vital for efficient selenoprotein translation, in selenoprotein
15 [Sepl5 811C/T] and glutathione peroxidase [GPx4 718T/C]. Our study
was carried out in men from a low Se status population and powered to detect
a low odds ratio of 1.5 to 1.9, as often found for this type of association. Us-
ing the TagMan allelic discrimination assay, we genotyped DNA from 1400
prostate cancer cases and 800 cancer-free controls matched for age and loca-
tion who took part in the CAncer Prostate Sweden (CAPS) study. The com-
bined genotypic, clinical and demographic data were analysed statistically
(SPSS 12.0). Overall, control allele frequencies were consistent with previ-
ous reports (Sepl5 811T allele, 0.21 and GPx4 718C allele, 0.58) and ob-
served genotype frequencies were in Hardy-Weinberg equilibrium. Although
no direct association between prostate cancer risk and genotype was found in
the case-control analyses, we are examining the relationship between geno-
type and clinical markers of disease severity. The outcome may be useful in
identifying men who are genetically susceptible to advanced disease and
could benefit from Se supplementation.

Key words: selenoproteins, Sepl5, GPx4, SNP, genotyping, SECIS, CAPS
study, prostate cancer risk, low Se status
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Abstract

Background. In Latvia about 100.000 cases have been diagnosed as positive
HCV, with up to 30% as HIV positive. Micronutrient deficiencies are com-
mon in HIV, both in early and late stages of the disease. Micronutrient defi-
ciencies are common in HIV/AIDS, resulting from both malabsorption and
virally-caused depletion. Selenium deficiency has also been documented in
both HIV and AIDS patients in both plasma and red blood cells and to corre-
late with progression and mortality of HIV. Low selenium levels correlate
with low glutathione peroxidase activity in HIV and AIDS. Observational
studies have linked higher levels of selenium in the blood with higher CD4+
counts and reduced risk of mortality from HIV disease. Objective: To inves-
tigate the association, if there will be, between selenium and antioxidant en-
zymes status in HCV/HIV patients after antioxidants cocktail supplementa-
tion. Results: Low plasma selenium levels were found in patients with in-
creased risks of HIV transmission. Similar trend was also shown when anti-
oxidants enzymes were considered in these patients. Conclusion: In the
search for modifiable risk factors to improve outcomes among HIV-infected
subjects, multivitamin and trace elements have been used as a supplement.
Our study shows that the role of micronutrients in HIV disease indicates that
selenium deficiency may be considered as a risk factor in HIV. Adequate
selenium/or antioxidants status may be beneficial for some but not all out-
comes. Further studies are needed to better understand the role of selenium
and antioxidants enzymes after supplementation.

Keywords: selenium, HIV, deficiency, antioxidant supplementation
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Abstract

The wide use of microelement preparations for treating microelement defi-
ciency and prophylactic use may be dangerous due to overdosage. As protec-
tive measures monitoring of the health of the population and selection of Se-
compounds with minimal cumulative activity are important.

Methods and results.Toxicity (DLs , rats, per os) and cumulativity (Qcym »
method by Lim et al.) of some Se-compounds are as follows: Na,SeO;, DL
: 6-10 mg/kg body weight = very high; Qcum :1,6 = strong ; Se-Met + SeCys
:1000 mg/kg = middle; 2 =middle; dimethyldipirosolilselenide (DMDPSe) :
6000-8100 mg/kg = weak; 5 = weak, respectively.

The material cumulation (fluorometric method by Alfthan G. ,1984) of
DMDPSe after subchronic feeding (1.5 months daily with food in doses of 6
and 60 mg/kg = 1/1000 DLs, and 1/100 DLsy) was studied in rats. After the
two doses the cumulation in the kidneys was 13 and 16%, respectively. There
was some cumulation in the gonads, and no cumulation in other organs. In
blood serum the cumulation was 15 and 24% compared to control level after
subchronic feeding. No integral deviations were obtained. After 6 months of
post-Se-feeding there were no differences compared to control.

Subchronic DMDPSe feeding resulted in some increase of non-protein SH-
compounds in blood serum (photometric ultramicromethod by Folomeev
V.F,1989); a high negative correlation (r=0.7) between protein SH-
compounds and serum Se after the dose of 60 mg/kg and a high positive cor-
relation (r =0.87) between non-protein SH-compounds and serum Se level
after the dose of 6 mg/kg. The hematological indexesdid not change after 1.5
months of Se feeding of after 6 months postfeeding, but there was an inver-
sion of the correlation coefficient between the different lymphocite subpopu-
lations (disturbance of regulation).

Conclusion. It is suggested that the most adequate Se-compound for use as
food additive is DMDPSe (Se*"). However, there is a further need to investi-
gate the long term effects, in particular on the immune system. General use of
mineral food additives needs monitoring of the health of the population.
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Abstract

In wrace amounts, selenium is an essential micronutrient and has important
benefits for animal and hurman nutrition. In many low selenium countries the
possibility of fertilizer or foliar application of sclenium to plants has been
studied. Many factors influence the plant uptake and metabolism of added
selenium, such as clay and humus contents in soil, soil pH, other nutrients
eonlent, the chemical form of added Se and the climate. The aim of this study
was to determine influence of organic fertilization on the selenium content in
soil and potato tubers. Soil samples were taken from the long-term
experiment established at the Experimental Station of the [UING Pulawy. The
soil was affected of organic fertilisation in a form of manure (0,20,40,60,50
tha'). Total selenium content was determined fluorometrically by the
method of Watkinson. Forms of selenium available to plants were extracted
with DTPA and then determined flucrometrically. The application of manure
increased the crganic carbon content in the investigated soil.

Table 1. The selenium content in soil and potato tubers (mean values)

Dose of manure | Total Se in soil | Se-DTPA in soil | Sc in potato tubers
(tha') [mgkg") [pgkg] [mgkg' dw]
1] 0.145 6.9 0.085
20 016l 7.0 0.086
40 D165 6.7 0.109
60 0.180 7.3 0.119
R0 0.173 1.5 0.109

Statistical analyses confirmed that application of FYM resulted in the highest
amounts of total selenium in soil. Total selenjum content in the soil samples
was gtatistically highly correlated with organic carbon content. Presence of
DTPA-extractable forms of selenium in the total selenjum content ranged
from 4.0-4.4% in the samples fertilized with FYM to 4.8% in the control.
This rate of contribution of Se-DTPA. in the total selenium content indicated
its low mobility and availability to plants.

Key words: selenium, soll, potate hubers
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Abstract

Soils arc considered to be an important source or stored of selenium for
plants, crops and forage, and thus important to animal and humaen health. In
soil, the processes of decomposition and synthesis of mineral and organic
matter occur all the time, end they are monitored and activated by a variety of
enzymnes. All these processes form soil metabelism, which 1% crucial for sail
fertility maintenance and preservation. The sim of this ressarch was to
determine the tofal and DTPA-extractable selenium content and
dehydrogenases activity in black carths, brown and lessivé soils of Central
Poland. Soil samples were taken from the depth of 0-20cm and 20-40cm.
Total selenium content was determined by the method of Watkinson with
2 3-diaminonaphtalene (DAN) using a Hitachi F-2000 spectroflucrometer.
Forms of selenium available to plants were extracted with DTPA and then
determined fluorometrically. Dehydrogenases activity was assayed
colorimetrically using TTC as a substrate. Total selenium content in  black
earths, brown and lessivé soils was in the range of 0,114-0,332 mgkg',
0,060-0,210 mg-kg" and 0,035-0,252 mgkg', respectively. Mean values of
DTPA-extractable forms of selenium in black earths was 6.6pgkg”, in
brown soils - 7,3ug'kg" and in lessivé soils was 63ug'kg’ . Presence of
DTPA-extractable forms of selenium in the total sclenium content ranged
from 3.3-7.7% , what indicated low mobility of Se and avilability to plants.
Mean value of dehydrogenases activity in black earths was 816.6 ug TPF-kg’
- 24h™"), in brown soils was 360.9 ug TPF-kg™- 24h”" and in lessivé soils was
89.5 ug TPF kg 24h". Total and DTPA-extractable selenium content in the
soils was statistically highly correlated with pH, organic carbon content and
clay and silt fractions content. We found a very significant comelation
between total selenium content and dehydrogenases activity only in the
investigated lessivé soils.

Key words. selenium, dehydrogenases, soil
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