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Abstract Wheat, despite its relatively low selenium
(Se) concentration in the UK, is still an important dietary
Se source and its biofortification by use of Se fertiliser
may be an efficient means to increase the relatively low
Se status of the population. We need to know more
about the fate of Se applied to the soil and how to ensure
the efficiency of Se application, and the three studies
reported in this issue of Plant and Soil are timely and
informative. Selenium in soil, both globally and locally,
is notoriously variable; however, the soils in these
studies yielded wheat grain Se concentrations in the
narrow range of 1644 ng/g. The low plant Se levels
reported here are not surprising, given that selenite is the
dominant Se form in these soils. A regression equation
(which used total and extractable Se and extractable S as
variables) explained a high proportion of the variance in
grain Se concentration. Sulphur application (a common
practice on UK wheat growing soils) had variable
effects on grain Se concentration, depending on soil S
status, pH and possibly other factors. A fertiliser
methodology study investigated ways to optimise Se
application for the purpose of biofortification. It was
calculated that an application of a modest 10 g Se/ha as
selenate would increase the grain Se concentration of
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UK wheat from around 30 ng/g to 300 ng/g. The
national Se fertiliser program in Finland shows that this
increase would have a large effect on population Se
status. However, Se recovery in grain at this application
rate is only 14%, and it can be argued that large-scale
agronomic biofortification of cereals with Se would be
somewhat wasteful of a relatively scarce trace element.
Selenium’s effects and interactions in soil, plants,
animals and humans are complex and often surprising
and will keep researchers busy well into the future.
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Selenium is an essential micronutrient for humans,
animals and certain lower plants, and its supply in
global food systems is highly variable (Combs 2001).
The importance of wheat as a dietary Se source is
shown for the UK where it is estimated to supply 22%
of dietary Se (Rayman 2000) even though it typically
occurs in UK-grown wheat at concentrations of only
around 30 ng/g (Adams et al. 2002). Surveys of Se
status in humans (Bates et al. 2002) and other studies
and reviews (Rayman 2002; Broome et al. 2004; Elia
and Stratton 2005) suggest that the Se status of the
UK population may be too low for optimum health.
The two studies of Stroud et al and that of
Broadley et al in this edition of Plant and Soil serve
to increase our understanding of the complex factors
which influence the bioavailability of Se in the soil
and its uptake by plants. These timely studies follow a
review which examined the concept of agronomic
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biofortification of food crops with Se as a strategy to
increase Se status of the human population of the UK
(Broadley et al. 2006). If Se agronomic biofortifica-
tion is to occur, whether locally or nationally, it is
sensible to do it as efficiently as possible, especially
as Se can be considered as a valuable resource which
is difficult to recycle (Haug et al. 2007).

The plant-availability of Se in soil is largely
dependent on the predominant Se species and the soil
factors controlling their behaviour, such as the
quantity of the sorption components (Al and Fe
oxides), pH and redox status. Furthermore, the
presence of anions competing for the same sorption
surfaces (sulphate, phosphate, organic anions, etc.)
contributes to the retention of Se (Elrashidi et al.
1987; Neal 1995; Fordyce 2005; Hartikainen 2005).
Stroud et al weighted soil profile data according to
distribution of wheat roots, a novel method in soil-
plant Se research. The authors used multiple regres-
sion analysis to help identify soil factors that
influence grain Se concentration. Their regression
equation (which used total and extractable Se and
extractable S as variables) explained a high proportion
of the variance in grain Se concentration in this study.
The range of total and available soil Se is quite
narrow (245-590 and 5-12 ng/kg, respectively),
yielding native wheat grain levels mostly in the range
16-44 ng/g. The low plant Se levels are not
surprising, given that selenite is the dominant Se
form in these soils, with selenate undetectable. As
selenite, when taken up by plants, is rapidly converted to
organic Se forms which accumulate in roots (Li et al.
2008), it can be speculated that over time, especially
under intensive cropping, the ratio of organic Se forms
to selenite in such soils would increase.

Whether the equation could apply to some of the
more extreme cases of soil Se found elsewhere
remains to be seen. In some soils there is a vast
difference between total and available Se levels. For
example, our group (using ICP analysis following
acid digestion) found a grey loamy sand with pH
(H,O) 5.0 from Zimbabwe to contain around
30,000 pg/kg total Se (which could almost class it
as seleniferous), yet maize grain grown on it
contained only 5 ng/g Se, a deficient level. Conversely,
a pH 8.6 brown sandy loam from the west of South
Australia containing just 80 pg/kg total Se produced
wheat with a grain Se concentration of 720 ng/g (Lyons
et al. 2004). The high variability of both total and

@ Springer

available soil Se is not confined to different regions: its
microspatial variation is just as striking. Wheat grain
Se concentration was found to vary 6-fold (110-
690 ng/g) in 4 replicated plots of a single wheat
cultivar grown together in one field in South Australia
(Lyons et al. 2005).

The second study of Stroud et al, which investi-
gated the interaction of Se and S fertilisation and its
effect on grain Se concentration, found that applied S
decreased grain Se concentration in controls at both
sites, in accordance with numerous previous studies.
However, when S and Se were applied together, grain
Se was increased on the low pH, S-sufficient soil but
decreased on the high pH, S-deficient soil. The
incubation trial, where added S increased the availability
of selenate Se, agreed with the finding at the S-sufficient
field site, but not at the other site. At the S-deficient site,
the authors explain that S addition would be expected to
reduce selenate uptake due to down-regulation of
sulphate transporters (Terry et al. 2000; White et al.
2004). However, selenate is at very low levels in
both soils, and the plant uptake of selenite, the
main Se form present, is more likely to be affected
by influences on phosphate transporters (Li et al.
2008). Moreover, the low-pH site, with total C in
topsoil of 2.43%, would be expected to contain a
significant proportion of total Se bound to organic
matter (Kang et al. 1993). Clearly there is ample
scope for further field studies of interactions of Se
with other minerals in the soil.

Broadley et al compared the fate of Se applied in
either granular or liquid form. It was found that all
selenate applications were effective; spring applica-
tion was more effective than winter; considerable Se
remains in straw (and thus could be beneficial if it is
used in animal feed), and percent Se recovery
increases with application rate. A feature of this study
is the projection of trial findings to a national level. It
is calculated, for example, that an application of a
modest 10 g Se/ha as selenate would increase the
grain Se concentration of UK wheat from around
30 ng/g to 300 ng/g. This is especially impressive
considering the usually high yields of UK-grown
wheat. There is no more suitable micronutrient than
Se for agronomic biofortification of food crops...a
little goes a long way! Nevertheless, recovery of Se in
grain at this application rate is only 14%, so it can be
argued that if the world’s low-Se areas, which include
much of the UK, Europe, China and Africa, were
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biofortified agronomically with Se, a sizeable propor-
tion of the world’s available Se resource would be
spent and not be available for future use (Haug et al.
2007). Biofortification of Se during germination/
sprouting, can result in complete bioconversion from
inorganic to organic Se forms within five days with
100% Se recovery (Bryszewska et al. 2005); however
this method is unlikely to increase the Se status of
whole populations.

We know from the Finland national Se biofortifi-
cation program (which represents a true “food
system” approach to improving human nutrition)
which commenced in 1985, that this method is
remarkably effective for increasing the Se status of
food crops and the human and animal population. In
Finland Se is currently supplied at the rate of
10,000 pg/kg in NPK fertiliser (Hartikainen 2005).
Of course, further research is needed to improve our
knowledge of the fate of Se in the soil and in the food
chain. It is reassuring that in Finland, where environ-
mental parameters have been closely monitored since
the Se program began, minimal negative effects are
evident (Makela et al. 2005).

The moon goddess Selene appears to have con-
ferred not only her name, but also her nature on this
micronutrient. Selenium is intriguing, enigmatic and
challenging (even capricious), especially for research-
ers. The studies reported in this issue increase our
knowledge of Se in soil and plant and also raise
further questions for researchers to try to answer.

On a cautionary note, Broadley et al mention the
small gap between deficient and toxic Se intakes for
humans...in pharmacological/medical terms, its nar-
row therapeutic index, although it is not unusual for
trace elements (e.g. Fe, Cu, Zn). Some researchers
consider that the upper safe limit of Se intake in
humans may be even lower than previously thought
(Vinceti et al. 2009). Equivocal findings for Se’s roles
in human health are common. Conflicting evidence
for Se and risk factors for cardiovascular disease, for
example, is provided by recent surveys: a study in the
UK found higher Se status to be associated with
higher LDL-cholesterol levels (Stranges et al. 2009),
while a study of women in Spain found the opposite
(Llaneza et al. 2009).

Such is the complexity of action and effect of Se,
especially in human nutrition, that there is no
certainty that, even were UK food crops to be
universally Se-biofortified to achieve a hypothetical

ideal population Se status, there would be any
measurable population-level health benefits. And this
despite findings in France and Italy (with similar Se
levels to those in the UK) that low blood Se in people
over 65 years is a strong predictor of mortality in the
ensuing 6-9 years (Akbaraly et al. 2005; Lauretani et
al. 2008).

References

Adams ML, Lombi E, Zhou FJ, McGrath SP (2002) Evidence
of low selenium concentrations in UK bread-making
wheat grain. J Sci Food Agric 82:1160-1165

Akbaraly NT, Arnaud J, Hininger-Favier I, Gourlet V, Roussel
AM, Berr C (2005) Selenium and mortality in the elderly:
results from the EVA study. Clin Chem 51(11):2117-2123

Bates CJ, Thane CW, Prentice A, Delves HT (2002) Selenium
status and its correlates in a British national diet and
nutrition survey: people aged 65 years and over. J Trace
Elem Med Biol 16(1):1-8

Broadley MR, White PJ, Bryson RJ, Meacham MC, Bowen HC,
Johnson SE, Hawkesford MJ, McGrath SP, Zhao F-J,
Breward N, Harriman M, Tucker M (2006) Biofortification
of UK food crops with selenium. Proc Nutr Soc 65:169-181

Broome CS, McArdle F, Kyle JA, Andrews IF, Lowe NM, Hart
CA, Arthur JR, Jackson MJ (2004) An increase in
selenium intake improves immune function and poliovirus
handling in adults with marginal selenium status. Am J
Clin Nutr 80(1):154-162

Bryszewska MA, Ambroziak W, Diowksz A, Baxter MJ,
Langford NJ, Lewis DJ (2005) Changes in the chemical
form of Se observed during the manufacture of a Se-
enriched sour-dough bread for use in a human nutrition
study. Food Addit Contam 22:135-140

Combs GF (2001) Selenium in global food systems. Brit J Nutr
85:517-547

Elia M, Stratton RJ (2005) Geographical inequalities in nutrient
status and risk of malnutrition among English people aged
65 years and older. Nutr 21(11-12):1100-1106

Elrashidi MA, Adriano DC, Workman SM, Lindsay WL (1987)
Chemical-equilibria of selenium in soils—a theoretical
development. Soil Science 144:141-152

Fordyce F (2005) Selenium deficiency and toxicity in the
environment. In: Selinus O, Alloway B, Centeno J, Finkelman
R, Fuge R, Lindh U, Smedley P (eds) Essentials of medical
geology. Elsevier, London, pp 373-415

Hartikainen H (2005) Biogeochemistry of selenium and its
impact on food chain quality and human health. J Trace
Elem Med Biol 18(4):309-318

Haug A, Graham RD, Christophersen OA, Lyons GH (2007)
How to use the world’s scarce selenium resources
efficiently to increase the selenium concentration in food.
Microbial Ecol Health Dis 19:209-228

Kang Y, Yamada H, Kyuma K, Hattori T (1993) Speciation of
selenium in soil. Soil Sci Plant Nutr 39:331-337

Lauretani F, Semba RD, Bandinelli S, Ray AL, Ruggiero C,
Cherubini A, Guralnik JM, Ferrucci L (2008) Low plasma

@ Springer



Plant Soil (2010) 332:1-4

selenium concentrations and mortality among older
community-dwelling adults: the INCHIANTI Study. Aging
Clin Exp Res 20(2):153-158

Li H-F, McGrath SP, Zhao F-J (2008) Selenium uptake,
translocation and speciation in wheat supplied with
selenate or selenite. New Phytol 178:92—-102

Llaneza P, Gonzalez C, Fernandez-Inarrea J, Alonso A, Arnott
I, Ferrer-Barriendos J (2009) Selenium and health-related
quality of life in menopausal women. Menopause Inter 15
(4):144-149

Lyons G, Lewis J, Lorimer M, Holloway R, Brace D,
Stangoulis J, Graham R (2004) High-selenium wheat:
agronomic biofortification strategies to improve human
nutrition. Food Agric Environ 2(1):171-178

Lyons G, Ortiz-Monasterio I, Stangoulis J, Graham R (2005)
Selenium concentration in wheat grain: Is there sufficient
genotypic variation to use in breeding? Plant Soil
269:369-380

Makela A-L, Wang W-C, Hamalainen M, Nanto V, Laihonen P,
Kotilainen H, Meng L-X, Makela P (2005) Environmental
effects of nationwide selenium fertilization in Finland.
Biol Trace Elem Res 47(1-3):289-298

@ Springer

Neal RH (1995) Selenium. In: Alloway BJ (ed) Heavy metals
in soils. Blackie Academic & Professional, London, pp
260-283

Rayman MP (2000) The importance of selenium to human
health. Lancet 356:233-241

Rayman MP (2002) The argument for increasing selenium
intake. Proc Nutr Soc 61:203-215

Stranges S, Laclaustra M, Ji C, Cappuccio FP, Navas-Acien A,
Ordovas JM, Rayman M, Guallar E (2009) Higher
selenium status is associated with adverse blood lipid
profile in British adults. J Nutr PMID 19906812.

Terry N, Zayed AM, de Souza MP, Tarun AS (2000) Selenium
in higher plants. Ann Rev Plant Physiol 51:401-432
Vinceti M, Maraldi T, Bergomi M, Malagoli C (2009) Risk of
chronic low-dose selenium overexposure in humans: insights
from epidemiology and biochemistry. Rev Environ Health 24

(3):231-248

White PJ, Bowen HC, Parmaguru P, Fritz M, Spracklen WP,
Spiby RE, Meacham MC, Mead A, Harriman M, Trueman
LJ, Smith BM, Thomas B, Broadley MR (2004) Inter-
actions between selenium and sulphur nutrition in Arabi-
dopsis thaliana. ] Exp Bot 55:1927-1937



	Selenium in cereals: improving the efficiency of agronomic biofortification in the UK
	Abstract
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


