Plant Soil (2024) 494:477-496
https://doi.org/10.1007/s11104-023-06293-z

RESEARCH ARTICLE

®

Check for
updates

Increasing grain selenium concentration via genetic

and agronomic innovations

Mohammed Feizel Bin Daud -
Leonidas Rempelos - Ismail Cakmak -
Carlo Leifert - Paul Bilsborrow

Received: 24 April 2023 / Accepted: 12 September 2023 / Published online: 21 September 2023

© The Author(s) 2023

Abstract

Aims To evaluate the potential to enhance grain
Selenium (Se) concentration in wheat through agro-
nomic innovation practices and exploitation of exist-
ing genetic variation.

Methods Grain samples from field experiments
carried out as part of the EU projects Nitrogen Use
Efficiency (NUE-CROPS), Healthy Minor Cereals
(HMC) and Quality Low Input Food (QLIF) were
analysed to identify the effects of wheat species/vari-
ety, fertiliser type and crop protection regime on grain
yield, grain protein and selenium concentrations.
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Results  Fertiliser type significantly affected grain
Se concentration. In the NUE-CROPS and QLIF tri-
als the use of farm-yard manure (FYM) resulted in
significantly higher grain Se concentration when
compared with mineral fertiliser applied at the same
N input level. Similarly, in the HMC trial, FYM and
cattle slurry resulted in a significantly higher grain
Se concentration compared with biogas digestate
and mineral fertiliser. In the QLIF trials, organic
crop protection resulted in significantly higher grain
Se concentration when compared with conventional
crop protection. The NUE-CROPS and HMC trials
detected significant differences between varieties of
both common wheat (Triticum aestivum) and spelt (T.
spelta). Correlation analyses across the trials identi-
fied a negative correlation between yield and grain
Se concentration for spelt and positive correlation
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between plant height and Se concentration for both
species.

Conclusions Higher Se concentrations in the taller
spelt varieties suggest that there is considerable
potential to breed/select for high grain Se by exploit-
ing traits/genetic variation present in older, traditional

wheat species (e.g. spelt).
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Abbreviations

BD Biogas digestate

Ca Calcium

CCC Chlormequat

CON-CP Conventional crop protection

CON-FM Conventional fertility management

CS Cattle slurry

Cu Copper

Fe Iron

FYM Farm-yard manure

HMC Healthy Minor Cereals

ICP-OES Inductively coupled plasma optical
emission spectropheter

K Potassium

MN Mineral nitrogen

N Nitrogen

NUE-CROPS Nitrogen Use Efficiency

ORG Organic

ORG-CP Organic crop protection

ORG-FM Organic fertility management

pRDA Partial redundancy analysis

P Phosphorus

QLIF Quality Low Input Food

QTL Quantitative trait loci

RDA Recommended daily allowance

RDI Recommended daily intake

Se Selenium

TGW Thousand grain weight

UK United Kingdom

uUsS United States of America

WHO World Health Organisation

ZOR Zurcher Oberldander Rotkorn

Introduction

Selenium (Se) is an essential micronutrient in both
animals and humans for which wheat is a major
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dietary source (G6émez-Galera et al. 2010; Nelson
et al. 2011; Vrcéek et al. 2014; Singh et al. 2016;
Shewry 2018; Del Coco et al. 2019; Hlisnikovsky
et al. 2019). Although people can increase their
selenium intake with food diversification from vari-
ous types of main food sources including fish, meat,
fruit and vegetables (Adams et al. 2002; Hawkes-
ford and Zhao 2007), wheat has been shown to be a
more efficient accumulator of bioavailable selenium
than other crops (Poblaciones et al. 2014; Sharma
et al. 2017). Selenium is relatively evenly distrib-
uted in the wheat grain, with the highest concen-
trations found in the embryo (Lyons et al. 2005a)
which is in contrast to other minerals (Ca, Cu, Fe,
Mg and Zn) which are concentrated in the outer
layers of the grain and therefore largely lost during
refining (Wang et al. 2020, 2021).

Selenium is an essential component of several
enzymes (e.g. glutathionine peroxidase, thioredoxin
reductase and deionase enzymes) in animals and Se-
deficiency in humans and livestock is widespread,
especially in regions with low soil Se-concentrations
(e.g. many soils in Northern, Central and Eastern
Europe, China and New Zealand) (Miller and Welch
2013; Alfthan et al. 2015; Reis et al. 2018). Soils
have been defined as Se-deficient when concentra-
tions are below 0.6 mg Se kg' soil (Mora et al. 2015)
or between 0.01 and 2.0 mg kg~! soil (Govasmark
et al. 2008). The UK and many other Northern Euro-
pean regions have been classified as Se-deficient
regions (Zhao et al. 2005; Rahman et al. 2013; Wu
et al. 2015). In contrast, regions with Se-rich soils
include Canada, Colombia, Venezuela and the great
plains of the US where soil Se concentrations of up
to 10 mg kg~!, have been recorded (Rahman et al.
2013).

It has been estimated that around one billion peo-
ple are affected by Se deficiency globally (Mora
et al. 2015; Jones et al. 2017; Reis et al. 2018). Se-
deficiency has been linked to a range of negative
health impacts including Keshan disease, Kashin-
Beck disease, increased viral virulence, lower
immune function, reduced fertility, thyroid autoim-
mune disease, cognitive decline/dementia, type-2
diabetes and certain cancers (Rayman 2005, 2020;
Steinbrenner et al. 2015). Several organisations have
published recommended daily intake values for Se.
The World Health Organisation (WHO) suggests
a daily intake of Se for adults of between 30 and
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40 pg per day (Oliveira et al. 2015) and both the EU
Recommended Dietary Allowance (RDA) and the
US Recommended Daily Intake (RDI) for humans
is~55 pg Se day~! (Poblaciones et al. 2014; Stof-
faneller and Morse 2015). The Food and Nutrition
Board of the US National Academy of Science rec-
ommends daily Se intakes of between 40 and 70 ug
for men (40-70 pg), 45 and 55 pg for women and 15
and 20 g for children (El-Bayoumy 2001).

Plants can take-up Se as selenate (SeO,>”) and
selenite (SeO32_) from the soil (Hawkesford and
Zhao 2007; Carey et al. 2012; Deng et al. 2017)
with selenate being more soluble, mobile and bio-
available than selenite (Poblaciones et al. 2014).
Selenate is chemically similar to sulphate (SO,>")
and uptake from the rhizosphere occurs through the
sulphur assimilation pathway via high-affinity sul-
phate transporters in the root cortex, root tip and lat-
eral roots (Hawkesford and Zhao 2007; Carey et al.
2012; White 2016; Deng et al. 2017; El Mehdawi
et al. 2018). High sulphur levels in soil therefore limit
Se uptake by plants as both elements compete for the
same transporter system (Malagoli et al. 2015). In
this context, it is important to consider that sulphur
fertilisers have been a regular input to wheat crops in
the UK during the last two decades, especially mill-
ing wheat where it has been shown to increase grain
yield and baking quality (Zhao et al. 2005).

One approach to address Se-deficiency has been
to use Se-supplements for animal feeds and/or
human diets (Pecoraro et al. 2022; Xia et al. 2005).
Selenium is included in mineral supplements that
are added to concentrate feeds used in both organic
and conventional livestock production and this was
shown to result in significant health benefits in ani-
mals (Pecoraro et al. 2022). Selenium is also an
ingredient in a range of multivitamin supplements
and infant formula products (Xia et al. 2005) but
clinical trials have not identified clear health benefits
of Se-supplements in humans (Myung et al. 2013;
Djalalinia et al. 2021). Geographical differences in
the availability of soil selenium account for most of
the variation in the selenium content of foods. Sele-
nium has a narrow range between deficiency and
toxicity for both humans (Kieliszek 2019) and for
animals (Schrauzer and Surai 2009).

Another approach used in some countries with
low soil Se levels has been to include selenate often
as sodium selenate (Na,SeO,) as a mineral fertiliser

for wheat and other cereal crops (Gomez-Galera
2010; Singh et al. 2016). For example, in Finland,
where most soils have a very low Se content and Se
deficiency was widespread in both humans and live-
stock in the past, mineral nitrogen fertilisers are now
routinely fortified with sodium selenate (Alfthan et al.
2015). This approach has been described as ‘agro-
nomic biofortification’ which is a relatively cheap
method to increase concentrations of Se and other
mineral micronutrients (e.g. Zn) in harvested products
(Goémez-Galera et al. 2010; Fageria et al. 2012). Most
research on selenium biofortification has been carried
out on vegetables and cereals with wheat, rice, maize,
barley, oats, pearl millet, cassava, sweet potato and
beans being primary targets for this approach (Miller
and Welch 2013; Sharma et al. 2017).

Globally, Se concentrations in wheat grain range
between 0.001 and 30 mg kg~' but most sam-
ples are within the range 0.020-0.600 mg kg™
(Broadley et al. 2006). A number of studies have
reported significant reductions in dietary Se-intake
of the UK population over time. Adams et al.
(2002) reported a decline from 60 ug Se day~! in
1970 to 29-39 ug Se day~! in 1997, and Broad-
ley et al. (2010) reported a reduction from 60 to
32-34 ug day~' between 1985 and 2000. This
decline in Se intake is thought to have been primar-
ily due to a reduction in Se concentration of wheat
grain over time (Broadley et al. 2010; Stroud et al.
2010a, b; Sharma et al. 2017). More recent surveys
by Broadley et al. (2010) and Hart et al. (2011)
reported mean grain Se concentration in UK-wheat
of 0.028 and 0.030 mg kg~' respectively. Several
factors may have contributed to the decline in Se-
concentrations in wheat grain. An important con-
tributory factor has been an increase in the use of
home-grown wheat (which has a low Se content)
for bread-making from~50% in the mid-1970’s
(Hart et al. 2011) to about 85% today with a cor-
responding reduction in the use of wheat from the
US and Canada which has a much higher grain Se
concentration.

There is also evidence that the introduction of
modern semi-dwarf varieties and changes in agro-
nomic practices in the UK have also contributed to
the decline in Se-concentrations in wheat grain. For
example, a study in the US reported that concentra-
tions of a range of mineral micronutrients (including
Fe, Zn and Se) were significantly higher in grain of

@ Springer



480

Plant Soil (2024) 494:477-496

older, longer-straw varieties compared with modern
semi-dwarf wheat (T. aestivum) varieties with the
largest relative difference being recorded for Se (Mur-
phy et al. 2007). Several other studies have suggested
that the decline in concentrations of grain mineral
concentrations may have been a negative consequence
on wheat breeding/selection which has been focused
primarily on improving grain yield and to a lesser
extent protein content (varieties developed for bread-
making) (Cakmak et al. 2000; Gémez-Galera et al.
2010; Ceseviciene et al. 2012; Hejcman et al. 2013;
Singh et al. 2016). However, there is relatively lim-
ited published information on correlations between
grain yield, protein content, straw length and mineral
micronutrient concentrations in wheat and virtually
no information on interactions between variety and
agronomic practices (i.e. crop protection methods and
fertilisation regimes) used in wheat production.

It is likely that the trend towards stockless arable
production systems (with associated reduction in ani-
mal manure inputs) and an increase in the use of min-
eral NPK fertilisers has contributed to the decline in
mineral concentrations in wheat grain. This is mainly
because mineral fertilisers contain virtually no Se
when compared with animal manures (Sager 2007).
However, there is virtually no information on whether
and to what extent changing from mineral NPK to
livestock manure as fertiliser may increase Se-con-
centration in cereal grain.

Fageria et al. (2012) described that the cultiva-
tion of indigenous and traditional food crops pro-
vides a clear opportunity to enhance micronutrient
concentrations in the human diet and for cereals this
hypothesis is supported by studies which showed
that ancient wheat species e.g. spelt (Triticum
spelta), emmer (Triticum dicoccum) and einkorn
(Triticum monococcum), have higher grain protein
and mineral concentrations (Cakmak 2008; Kohaj-
dova and Karovicova 2008; Zhao et al. 2009; Cak-
mak et al. 2010; Gomez-Becerra et al. 2010; Lach-
man et al. 2011) compared with modern common
wheat (Triticum aestivum) varieties. However, the
production of spelt, emmer and einkorn has declined
due to the introduction of modern free-threshing
wheats in the twentieth century which have higher
grain yields (Hlisnikovsky et al. 2019).

Singh et al. (2016) suggested that the combined
use of innovative fertilisation together with exploita-
tion of genetic variation at the wheat species/variety
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level may provide a more cost effective and sustain-
able approach to increase the dietary intake of Se and
other mineral micronutrients than the use of food for-
tification and mineral supplements. The overall aims
of this study were therefore to evaluate the potential
to enhance Se-concentrations in wheat grain through
agronomic innovation practices and exploitation of
existing genetic variation in wheat and identify poten-
tial correlations/trade-offs between grain yield, other
crop performance parameters (straw length, thousand
grain weight) with grain protein and Se concentra-
tion. Our hypothesis is that organic fertilisers, crop
protection and variety/species can be used to increase
the grain Se concentration of cereals.

Materials and methods

All data presented in this study were collected from
field trials which were part of European Union (EU)
funded projects i.e. (i) Nitrogen Use Efficiency
(NUE-CROPS) (ii) Healthy Minor Cereals (HMC)
and (iii) Quality Low Input Food (QLIF). All trials
were conducted using medium to long-term trial plots
at Nafferton Farm, in north-east England (54:948490
N; 1.913180 W) between 2009 and 2016. The NUE-
CROPS and HMC trials were carried out in differ-
ent parts of the same field while the QLIF trial was
located just over 500 m away. The mean soil selenium
concentration of the topsoil (0-30 cm) was deter-
mined in the QLIF and NUE-CROPS projects imme-
diately after drilling in the first season of each trial
and analyses were carried out by NRM Ltd, Brack-
nell, Berkshire. Mean total soil selenium concentra-
tions for topsoil (0-30 cm) in the QLIF and NUE-
CROPS trials were 0.35 mg kg~! and 0.38 mg kg™!
respectively.

Experimental design

The NUE-CROPS trial was conducted over two
cropping seasons (2009/10 and 2011/12) and was
designed to study the effects of fertiliser type, input
level, crop protection protocol and variety on yield
and resource use efficiency related gene, protein and
metabolite expression patterns of winter wheat. The
trial was set up as a split-split-split plot factorial
design with 4 replicate blocks consisting of fertiliser
type (composted FYM, i.e. cattle manure, vs mineral
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N fertiliser) as the main plot (24 mXx24 m) factor,
crop protection protocol (conventional vs organic
crop protection) as the sub-plot (24x12 m) factor
and variety as the sub-sub-plot (3 mx 12 m) factor.
Details of the crop management protocols are pre-
sented in Table S1 with soil data in S2 and a time-line
of treatment applications in Fig. S1.

Composted FYM (compositional analysis is pre-
sented in Table S3) was applied at a rate equivalent
to 170 kg N ha~!, which also resulted in an input of
29.2 kg P ha™!, 323.6 kg K ha! when applied on
8™ April 2010 in the first growing season (2009/10)
and 30.3 kg P ha™! and 130.1 kg K ha~! when
applied on 11™ October 2011 in the 2™ growing
season (201,112). Mineral N fertiliser was applied
as ammonium nitrate (34.5% N) and at the same
total input level (170 kg N ha™!), but as a split
application (50:50) to the conventional fertilisation
plots in each season.

Eight varieties of winter wheat including four
short-straw (semi-dwarf) and four longer straw vari-
eties were compared. This included four short straw
varieties commonly grown in the UK i.e. Gallant,
Cordiale, Grafton, and Solstice which are all mod-
ern varieties listed on the UK Recommended List for
Winter Wheat (AHDB 2017). In addition, four longer
strawed wheat varieties (Laurin, Scaro, Aszita, and
Wima) were included in trials. These were devel-
oped for the organic and low-input farming sector in
a Swiss breeding/selection programme led by Peter
Kunz, which were supplied as organically certified
seed by Sativa Biosaatgut GmbH (Keltenweg4, Jest-
etten, Germany; http://www.sativa.bio).

Crops were sown on 13" October 2009 and 15%
October 2011. Conventional crop protection included
two fungicide application timings, one autumn her-
bicide application and one application of the plant
growth regulator chlormequat (at T1) in both seasons
(Table S1). Organic crop protection was based on
mechanical weed control which was carried out twice
in spring of each season using an Einbock tine weeder
(Einbock GmbH, 4751 Dorf an der Pram, Austria).
Crops were harvested at maturity on 1% September
2010 and 4™ September 2012.

The QLIF trial consisted of a series of four
experiments established within four replicate
blocks and each with a split-split-split-plot design
and three factors i.e. rotation design (organic
vs conventional), crop protection (organic Vs

conventional) and fertiliser type (cattle manure vs
mineral NPK). A detailed description of the QLIF
design has been published previously (Eyre et al.
2011; Bilsborrow et al. 2013) such that the trial
design and treatments are only described briefly
below. The relevant soil data for the trials is pre-
sented in Table S2.

The main plot factor was rotation and compared
two 8-year crop rotations, specifically an intensive
cereal dominated rotation typical for conventional
mixed farms in Northern Britain versus a more
diverse legume-rich rotation typically used in organic
production. The sub-plot factor was crop protection
and compared an organic protocol (ORG-CP) which
complied with UK requirements for certified organic
production (Soil Association 2010) with a conven-
tional protocol (CON-CP) which followed the recom-
mendations of the UK Red Tractor Farm Assurance
Scheme (https://redtractor.org.uk/). Each crop protec-
tion sub-plot was further split into two fertility man-
agement sub-sub-plots i.e. organic (ORG-FM; using
composted FYM) and conventional (CON-FM; using
mineral NPK fertiliser). This design also allows the
experiment to be analysed as four separate production
systems: fully organic (ORG), organic crop protection
with conventional fertility management (ORG-CP
CON-FM), conventional crop protection with organic
fertility management (CON-CP ORG-FM), and fully
conventional (CON) within each crop rotation.

In the QLIF trial only the Group 2 winter wheat
breadmaking variety Cordiale was used (NABIM
2016; AHDB 2017). Cordiale was sown using a com-
mercial drill (3 m Lely combination drill; Lely UK
Ltd, St Neots, UK) at a seed rate of 176 kg ha™! on
2" October 2014 and 180 kg ha™!' on 15 October
2015. Mineral N as ammonium nitrate (Yara UK
Ltd) was applied at a rate of 180 kg N ha~! in 2015
and 210 kg N ha'! in 2016 with two split applica-
tions (Table S1). In the organic fertilisation plots no
manure was added when grass/clover (G/C) was the
pre-crop, while cattle manure at a total N-input level
of 170 kg N ha™! was applied when wheat was grown
after winter-wheat or winter barley in the rotation. In
the conventional crop protection plots standard her-
bicide, fungicide and plant growth regulators treat-
ments were applied (Table S4), while the only crop
protection treatment used in the organic crop protec-
tion plots was mechanical weed control using an Ein-
bock tine weeder.
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In the HMC trial spelt was grown in a split-split-
split-plot factorial design with 4 replicate blocks
in the 2014/15 and 2015/16 growing seasons. The
main factors included in the HMC trial were (i) fer-
tiliser type (24 mx6 m), with (ii) N rate i.e. a low
and medium rate of 50 and 100 kg N ha~! applied as
mineral N, composted FYM, cattle slurry and biogas
digestate and (iii) spelt variety (24 mx3 m) includ-
ing modern varieties and landraces (Oberkulmer,
Ziricher Oberldnder Rotkorn (ZOR), Rubiota and
Filderstolz). The previous crop in both seasons was
grass/clover. A full description of the experimental
design and trial layout is provided in Magistrali et al.
(2020) with soil data presented in Table S2, fertiliser
compositional analyses in Table S3 and crop manage-
ment details presented in Table S5 with a time-line of
treatment applications presented in Fig. S1.

Plant measurements

Environmental conditions (including radiation, pre-
cipitation, air and soil temperature and relative
humidity) during the growing season were recorded
in all trials using an on-site automated weather sta-
tion which was located within 500 m of each trial
location. At maturity all crops were harvested using
a plot combine harvester (Claas Dominator 38; Claas
UK Ltd, Bury St Edmunds, UK). Grain samples were
retained for moisture determination and a sub-sample
oven dried at 45 °C for 72 h prior to cleaning with
a grain cleaner (Lainchbury HC1/7W, Blair Engi-
neering, Blairgowrie, UK). Thousand grain weight
(TGW) was determined based on the mean weight of
three replicates of 1000 grain samples using an elec-
tronic seed counter (Model Elmor C3, Switzerland).
All grain yields are presented at 15% moisture con-
tent. All grain samples were stored under cool condi-
tions prior to chemical analyses.

About 3.0-3.5 g of oven dried grain from all tri-
als was ground with a Retsch SK300 mill (Retsch
GmbH, 42781 Haan, Geremany) using a 0.25 mm
mesh sieve. All milled grain samples were sent to
Sabanci University for grain selenium analysis where
approximately 0.2 g of milled grain was subjected to
acid-digestion with a mixture of HNO; (2 mL of 30%
(v/v)) and H,0, (5 mL of 65% (v/v)) using a closed-
vessel microwave reaction system (Mars Express,
CEM Corp., Matthews, NC, US). For determination
of selenium in the digested solution, an inductively

@ Springer

coupled plasma optical emission spectrometer (ICP-
OES; Vista-Pro Axial; Varian Pty Ltd., Mulgrave,
Australia) was used. All measurement for selenium
were then cross-checked using a certified standard
(SRM 1547 peach leaves) received from the National
Institute of Standards and Technology (Gaithersburg,
MD, USA). The method for selenium analysis used in
this study was based on Zou et al. (2019).

Grain protein content of all samples was deter-
mined using an infrared analyser (Foss, Infratec™
1241, Foss A/S, Hillergd, Denmark). Soil selenium
concentration was determined for topsoil (0-30 cm)
from collected soil sampled in the QLIF and NUE-
CRORPS trials prior to sowing and treatment applica-
tion in December 2014 and mid-March 2010. Soil
samples from both trials were stored at Nafferton
farm and sent to NRM Ltd for soil selenium analysis.

Statistical analysis

All data collected from the NUE-CROPS, QLIF
and HMC trials were subjected to statistical analysis
using the R package software (R Core Team 2017).
Analysis of variance (ANOVA) was derived from lin-
ear mixed-effects models, “Ime” (Pinheiro and Bates
2000) to produce ANOVA p-values for main effects
and all interactions between (i) harvest year, fertiliser
type and winter wheat variety for the NUE-CROPS
trial; (ii) harvest year, crop rotation, crop protection
and fertiliser type for the QLIF trial and (iii) harvest
year, fertiliser type and spelt variety for the HMC trial
by using the “nlme” (non-linear mixed effects) pack-
age in the R statistical environment. The hierarchical
nature of the split-split-split-plot design was desig-
nated in the random error structures of the model as:
(1) block/ harvest year/ fertiliser type for the NUE-
CROPS trial; (ii) block/ harvest year/ crop rotation/
crop protection for the QLIF trial and (iii) block/
harvest year/ fertiliser type for the HMC trial. The
random error structures that were specified in each
trial were reflected by the hierarchical and the nested
structure of the split-split-plot design. The normality
of the residuals of all parameters was also checked
by using the “ggnorm” function in R. In order to fur-
ther investigate the significant main effects (p <0.05)
of (i) fertiliser type and variety for the NUE-CROPS
trial; (ii) crop rotation, crop protection and fertiliser
type for the QLIF trial and (iii) fertiliser type and
variety for the HMC trial and including significant
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interactions between those factors, general linear
hypothesis tests (Tukey contrasts) were performed
using the “glht” function of the “multcomp” pack-
age (Bretz et al. 2011) in R. The split-split-split-
plot design was reflected in the same random error
structures used for the “Ime” models. The ‘tapply’
function in R was used to generate both means and
standard error of mean values for the main effect and
interaction tables.

Pearson’s correlation analyses were performed
between grain selenium concentration and grain
yield, protein content and TGW by using the “cor”
function, while the significance of the correla-
tion was tested using the “cor.test” function in R.
The relationships between weather (air tempera-
ture, radiation and precipitation), fertiliser treat-
ment (type and rate), wheat species (winter wheat
and spelt) and grain yield/quality parameters were
assessed on data from the NUE-CROPS, QLIF and
HMC trials by using redundancy analysis (partial
RDA), with trial replicates (blocks) used as covari-
ates. The pRDA was performed using the CANOCO
5 package (Ter Braak and Smilauer 2012).

Results

Effects of harvest year, variety and fertiliser type on
common wheat performance (NUE-CROPS trial)

In the NUE-CROPS trial the performance of eight
common wheat varieties was compared on land which
had been previously managed to conventional farm-
ing standards and had not received manure inputs
and was not used for grazing livestock for more than
4 years. A two-year grass-clover ley used for silage
production was the fertility building pre-crop. The
main objective of the experiment was to assess the
effect of replacing mineral N-fertilisers with manure
at the same total N-input level on performance and
quality parameters in contrasting wheat varieties in a
conventional crop management background.

There was a significant effect of harvest year on
grain Se concentration, TGW, protein concentration
and plant height of winter wheat (Table 1). A much
higher grain Se concentration was observed in the
2012 growing season (44.8 pg kg™!) than in 2010
(19.6 ug kg™"). The TGW, grain protein concentration
and plant height were also significantly higher, but

grain yield was much lower in 2012 (3.2 t ha™!) than
2010 (4.9 t ha™!) but not significantly. Fertiliser type
exhibited a significant main effect for grain yield, pro-
tein concentration, grain Se concentration and plant
height but not for TGW. Composted FYM gave a
60% higher grain Se concentration than mineral N. In
contrast, protein concentration and plant height were
75%, 10% and 27% lower when FYM was used as fer-
tiliser compared with mineral N.

There was a significant difference between varie-
ties for grain Se concentration, grain yield, TGW,
protein concentration and plant height (Table 1). Spe-
cifically, the four modern, UK short-straw varieties
(Cordiale, Gallant, Grafton and Solstice) produced
higher yields, but lower protein and Se concentrations
when compared with the four longer straw varieties
(Aszita, Laurin, Scaro and Wima). When TGW was
compared the highest TGW was recoded for Wima
and Grafton and the lowest for Aszita and Laurin
(Table 1).

There was a significant harvest year X fertiliser
type interaction for grain yield, TGW, protein and Se
concentration, but not plant height (Table 1). When
these interactions were further investigated, mineral
N fertiliser resulted in significantly higher grain yield
and protein concentration compared with FYM in the
2010 harvest year, while there was no significant dif-
ference between fertiliser types in 2012 (Table 2). In
contrast, the TGW was significantly higher following
the application of mineral-N in 2010 and following
FYM in 2012. However, grain Se concentrations were
significantly higher when FYM was used compared
with mineral N in both harvest years (Table 2).

Correlation analysis (Table 3) identified significant
negative correlations between grain yield and Se con-
centration (p <0.001; r=—0.36), but significant posi-
tive correlations between Se concentrations and both
TGW (p<0.001; r=0.66) and protein concentration
(»<0.05; r=0.18).

Effects of harvest year, crop rotation, crop protection
and fertilisation regime on wheat performance (QLIF
trial)

The main objective of the QLIF trial was to assess
the relative effects of rotation, fertilisation and crop
protection used in organic and conventional farming
systems on performance and grain quality parameters
in the bread-making winter wheat variety Cordiale.
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Table 1 Main effects
(means + SE and p-values)
and interactions of harvest
year, fertiliser type and
variety on grain yield,
thousand grain weight
(TGW), grain protein and
Se concentration and plant
height of common wheat (7.
aestivum) varieties recorded
in the NUE-CROPS trial

Factor Grain yield TGW Protein Grain Se  Plant height
(tha™ © (%) (hgkg™)  (em)
Harvest year
2010 (n=64) 49+ 359+0.3 10.0+0.2 19+ 58+
2012 (n=64) 32+0.2 445+0.3 10.7+0.2 45+2 69+2
Fertiliser type
FYM (n=64) . 39.8+0.7 9.8+0.2 40+ 56+2
Mineral N (n=64) +0.3 40.7+0.5 10.8+0.2 25+2 71+2
Variety
Cordiale (n=16) 43+0.7ab 39.6+13cd 9.5+02d 30+4bc 52+2d
Gallant (n=16) 4.6+0.7a 40.2+1.0bc 95+02d 30+3bc 56+2cd
Grafton (n=16) 44+0.7ab 41.5+1.7 ab 9.0+02e 32+4ac 51+3d
Solstice (n=16) 44+06ab 39.6+1.0cd 99+02d 27+3c 61+3c
Aszita (n=16) 35+04c¢ 39.0+13cd 122+04a 33+5ac 73+4ab
Laurin (n=16) 3.6+05¢ 387+1.1d 10.5+02c¢ 35+6ab 69+4Db
Scaro (n=16) 36+05¢c 409+1.2b 10.6+03c 35+5ab 70+4Db
Wima (n=16) 38+04bc 425+13a 11.3+03b 37x6a 76+4 a
ANOVA (p-values)
Main effects
Harvest year (YR) NS <0.001 <0.05 <0.01 <0.01
Fertilizer type (FT)  <0.05 NS <0.01 0.0002 <0.001
Variety (VR) <0.001 <0.001 <0.001 <0.05 <0.001
Interactions
YR x FT <0.05 <0.001 <0.05 NS NS
YR x VR <0.001 <0.001 <0.001 NS <0.05
FT x VR <0.001 NS <0.001 NS NS
YR x VR x VR NS <0.05 <0.001 NS <0.05

Variety main effect mean/SE values followed by the same letter within each column are not
significantly different (Tukey’s general linear hypothesis test p <0.05); NS Not significant

Grain yield and TGW were significantly higher in
2015 than 2016 but there was no difference between
harvest years in grain Se and protein concentration
(Table 4). Wheat produced significantly higher yield
in the organic compared with the conventional rota-
tion (7.4 vs 6.8 t ha™!) but there was no significant
effect on TGW, protein concentration and grain Se
concentration. Conventional crop protection resulted
in significantly higher grain yields and TGW, but
lower grain protein and Se concentrations when
compared with organic crop protection (Table 4). In
contrast, conventional fertilisation resulted in higher
grain yields and protein concentration, but lower
TGW and grain Se concentrations compared with
organic fertilisation (Table 4) therefore mimicking the
trends for the effects of mineral N versus FYM use in
the NUE-CROPS trial (Table 1).
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There was a significant harvest year X crop pro-
tection interaction on grain yield; harvest year X fer-
tiliser type interaction on grain Se concentration,
grain yield and TGW and a crop protection x ferti-
liser type interaction on grain yield, TGW and pro-
tein concentration (Table 4). The conventional crop
protection treatment produced significantly higher
grain yield in both 2015 and 2016 than organic
crop protection (Table S6). When the harvest year
x fertilisation regime interactions were further
investigated a significant effect of fertilisation was
detected for (i) crop yield in 2015 only, (ii) grain
Se concentrations in 2016 only and (ii)) TGW in
both years, although the relative difference between
fertilisation regimes was larger in 2016 (Table 5).
For the crop protection x fertilisation type interac-
tion grain yields were lowest when organic crop
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Table 2 Interaction means+ SE for the effect of harvest year
(2010 versus 2012) and fertiliser type (Mineral N versus farm-
yard manure (FYM) applied at the same total N-input level) on
grain yield, thousand grain weight (TGW), grain protein and
grain Se concentration in eight common wheat (7. aestivum)
varieties recorded in the NUE-CROPS trial

Harvest year Fertiliser type

Mineral N FYM
Grain yield (t 2010 70+03Aa 28+0.1Bb
ha™") 2012 33+03Bb 3.1+03Bb
TGW (g) 2010 37.6+04Ba 343+03Bb
2012 437+404Ab 453+04Aa
Protein (%) 2010 108+03Aa 92+0.1Bb
2012 109+02Aa 104+02Aa
Se concentra- 2010 15+3Bb 24+1Ba
tion
(ugkg™) 2012 34+2 Ab 56+3Aa

Means followed by different lowercase letters within each row
and uppercase letters within each column are significantly dif-
ferent (Tukey’s general linear hypothesis test p <0.05)

protection was combined with conventional fertili-
sation and highest when conventional crop protec-
tion and fertilisation were used (Table S7). TGW
was lowest when organic crop protection was used
in combination with conventional fertilisation and
highest when conventional crop protection was
used with organic fertilisation. Protein concentra-
tions were lowest when organic management (crop

protection and fertilisation) was used and highest
when organic crop protection was used in com-
bination with conventional fertilisation regimes
(Table S7).

Correlation analysis identified significant nega-
tive correlation between grain Se concentration and
grain yield (p <0.01; r=-0.33) but no significant
correlation between grain Se concentration and both
TGW and protein concentration (Table 3).

Effects of year, variety and fertiliser type on spelt
performance (HMC trial)

The main objective of the HMC trial was to assess
the effect of replacing mineral N-fertiliser with
organic manure at the same total N-input level on
the performance and quality of contrasting spelt
varieties. Growing season had a significant effect on
grain yield, protein concentration and plant height
(Table 6). Specifically, grain yield was 31% higher
in 2015, while protein concentration and plant height
were 21 and 9% higher respectively in 2016 (Table 6).

Fertiliser type had a significant effect on all perfor-
mance parameters assessed with the exception of plant
height (Table 6). The use of mineral N fertiliser (MN)
resulted in lower grain yield, TGW and grain Se concen-
tration compared with the organic N sources, although
it should be noted that the differences between MN and
FYM were not significant for grain yield and TGW
(Table 5). In contrast, the use of MN and biogas digestate

Table 3 Correlation coefficient (R-values; p-values) from Spearman-Rank correlation analysis testing the relationship between grain
selenium (Se) concentration, grain yield, protein concentration, TGW and plant height in the NUE-CROPS, QLIF and HMC trials

Parameters correlated NUE-CROPS HMC QLIF

Correlation p-value Correlation p-value Correlation p-value

coefficient coefficient coefficient
Grain Se (ug kg™ Yield (t ha™") -0.36 <0.001 0.15 NS -0.33 <0.01
Grain Se (ug kg™ TGW (g) 0.66 <0.001 0.06 NS -0.02 NS
Grain Se (ug kg’l) Protein (%) 0.18 <0.05 —0.26 <0.01 0.07 NS
Grain Se (ug kg™ Plant height (cm) 0.15 NS 0.26 <0.01 ND ND
Yield (t ha™") TGW (g) -0.19 <0.05 0.32 <0.001 0.74 <0.001
Yield (t ha™") Plant height (cm) 0.02 NS 0.47 <0.001 ND ND
Yield (t ha™!) Protein (%) 0.05 NS -0.32 <0.001 -0.54 <0.001
TGW (g) Protein (%) 0.30 <0.001 -0.03 NS -0.75 <0.001
TGW (g) Plant height (cm) 0.46 <0.001 0.44 <0.001 ND ND
Protein (%) Plant height (cm) 0.70 <0.001 0.17 NS ND ND

Negative correlations are preceded by -, NS Not significant; ND Not determined i.e. plant height was not measured
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Table 4 Main effects

Factor Grain yield TGW Protein Grain Se
(means + SE and p-values) . 1
and interactions of harvest (tha™) ® (%) (g kg™)
e O Tt (00
regime on grain yield, 2015 (n=32) +0.6 50.6+1.0 10.2+0.3 30+1
TGW, protein and grain Se 2016 (n=32) +0.4 364+1.1 11.1+0.4 31+2
concentration in common Crop rotation (CR)
whea (T. aestivum) variety Conventional (n=32) 80, 433217 10304 311
Cordiale recorded in the
QLIF trial Organic (n=32) 74+0.7 43.7+1.6 10.9+0.4 30+2
Crop protection (CP)
Conventional (n=32) . 46.3+1.5 9.5+0.2 27+1
Organic (n=32) +0.5 40.7+1.6 11.6+04 34+2
Fertilisation regime (FR)
Conventional (n=32) . 40.5+19 11.9+04 28+1
Organic (n=32) +0.5 46.5+1.2 9.3+0.2 33+2
ANOVA p-values
Main effects
YR <0.001 <0.001 NS NS
CR <0.05 NS NS NS
CP <0.001 <0.001 <0.001 <0.001
FR <0.001 <0.001 <0.001 <0.001
Interactions
YR x CR NS NS NS NS
YR x CP <0.05 NS NS NS
CR x CP <0.001 NS NS NS
YR x FR <0.01 <0.01 NS <0.01
CR x FR NS NS NS NS
CP x FR <0.001 <0.001 <001 NS
YR x CR x CP NS NS NS NS
YR x CR x FR <0.05 NS NS NS
YR x CP X FR <0.01 NS NS NS
CR x CP x FR NS NS NS NS
YR x CR x CP x FR NS NS NS NS

NS Not significant

resulted in significantly higher protein concentration com-
pared with FYM and cattle slurry treatments (Table 6).

Spelt variety had a significant effect on all per-
formance parameters assessed (Table 6). The two
shorter-straw varieties Filderstolz and Ziircher Ober-
lander Rotkorn (ZOR) produced lower grain yield,
TGW, protein and grain Se concentrations compared
to the two longer strawed varieties Oberkulmer and
Rubiota, although it should be noted that there was no
difference in grain yield between ZOR and Rubiota
(Table 6).
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There was a significant year X variety interaction
on grain Se concentration and plant height. When
this interaction for Se concentration and plant height
was further investigated all four 4 varieties were
taller and had higher grain higher Se concentrations
in 2015 compared with 2016, although the differ-
ence in Se-concentrations between years was not
significant for Oberkulmer (Table 7). There was also
a significant year X variety interaction on TGW and
protein concentration (Table 6). The two long-straw
varieties Oberkulmer and Rubiota produced higher
TGW in 2015, while the shorter straw varieties
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Table 5 Interaction means+ SE for the effect of harvest year
and fertilisation regime (conventional vs organic at the same
total N-input level) on grain yield, thousand grain weight
(TGW) and grain Se concentration in the common wheat (7.
aestivum) variety Cordiale recorded in the QLIF trials

Harvest year Fertilisation regime

Conventional ~ Organic
Grain yield (t 2015 109+1.0Aa 86+04Ab
ha™!) 2016 50+07Ba 39+02Ba
TGW (g) 2015 488+1.7Ab 524+07Aa
2016 322+15Bb 40.6+09Ba
Se concentra- 2015 30+2Aa 31+2Aa
tion
(ugkg™) 2016 26+2 ADb 35+3Aa

Means followed by different lowercase letters within each row
and uppercase letters within each column are significantly dif-
ferent (Tukey’s general linear hypothesis test p <0.05)

Filderstolz and ZOR produced higher TGW in 2016,
although the difference between years was not sig-
nificant for Filderstolz (Table 7). Correlation analysis
identified a significant negative correlation (p <0.01;
r=-0.26) between grain Se and protein concentra-
tion (Table 3).

Association between climatic, agronomic and genetic
variables with performance parameters

Partial redundancy analysis (pRDA) was carried out
(Fig. 1) using data from all three trials to investigate
the associations between climatic (air temperature,
radiation and precipitation), agronomic (fertiliser
type) and genetic (wheat species T. aestivum and T.
spelta) explanatory variables/drivers and the wheat
performance parameters assessed (grain yield, TGW,
protein and Se concentrations).

Wheat species (F=92.5, p<0.002), rainfall
(F=679, p<0.002) and temperature (F=68.2,
p <0.002) were identified as the strongest explanatory
variables by pRDA and explained 27%, 16% and 12%
of the variation, respectively. Solar radiation (F=29;
p=0.002) and fertiliser type (F=4.4; p=0.002) were
also identified as significant drivers, but each only
explained 4% of the variation.

In the bi-plot (Fig. 1), axis 1 explained 49.3% of
the total variation with temperature the main driver
(F=68.2, p<0.01) with a further 7.4% explained by
axis 2. Grain yield was positively associated with the

use of common wheat and to a lesser extent mineral
N-fertiliser use (along the negative axis 1). While
TGW, grain protein content and Se concentrations
were positively associated with air temperature, solar
radiation, precipitation, the use of spelt and to a lesser
extent the use of FYM as fertiliser (along the positive
axis 1) (Fig. 1).

Discussion
Mineral versus organic fertilisers

Several studies have concluded that grain Se concen-
trations in wheat grain are strongly influenced by soil
Se-supply, which differs by geographical location and
seasonal conditions (Lyons et al. 2005b; Zhao et al.
2009; Manojlovi¢ et al. 2019; Lee et al. 2011). How-
ever, there is very limited information on the effects
of different fertiliser types (e.g. mineral-N versus
livestock manures) and/or contrasting fertilisation
regimes (e.g. those used in organic and conventional
farming) on grain Se-concentrations in wheat.

Recent studies in Poland and China which assessed
the effects of increasing mineral N-fertiliser inputs
reported that (i) grain yields of common wheat (7.
aesticum) increased, while (ii) grain Se-concen-
trations either remain similar or increased, with
increased mineral-N application up to total N-inputs
of ~250 kg N ha™! (Borowska et al. 2012; Chen et al.
2017; Klikocka et al. 2017). In Poland total soil Se
varied from 0.108 mg kg~! in the control treatment
to 0.170 mg kg~! where high rates of FYM had
been used (Borowska et al. 2012) and from 0.162
- 0.167 mg kg™! in the seasons 2009-11 (Klikocka
et al. 2017) which were lower than the levels reported
in the current study. However, the Polish study
(Borowska et al. 2012) also showed that, in soils
with very low Se content, both (i) selenate (VI) and
selenite (IV) concentrations in the soil and (ii) grain
Se concentrations in roots and above-ground parts
of mineral N-fertilised spring barley crops increased
with increasing input levels of manure to potato crops
in the same crop rotation.

The significantly higher grain Se concentrations in
FYM-fertilised crops in the NUE-CROPS and HMC
trials may be due to the higher Se-content found in
FYM compared with mineral N-fertiliser (which
contains virtually no Se). Similar to the practice of
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Table 6 Main effects
(means + SE and p-values)
and interactions of harvest

Factor Grain yield TGW
(tha™")

Protein Grain Se

(& (%)

Plant height
(ngkg™  (cm)

year, fertiliser type and

. O Harvest year
variety on grain yield, Y

thousand grain weight 2015 (n=64) +0.1 46.1+0.9 13.4+0.2 57+2 124+3
(TGW), grain protein and 2016 (n=64) +0.1 44.1+0.3 16.2+0.2 4742 114+2
Se concentration and plant Fertiliser type
height of spelt (T spelta) BD (1=32) 384022  46.1+08a 15.1+03a 44+2c 12244
varieties recorded in the
HMC trial FYM (n=32) 32+0.1bc 45.1+08ab 14.1+03b 58+2a 118+4
CS (n=32) 34+02b  46.0+0.7a 145+04b 56+3a 117+3
MN (n=32) 30+02c¢ 433+1.3Db 155+03a 51+3Db 120+4
Variety
Filderstolz (n=32) 28+0.1¢c 428+10c 13.7402¢c 51+3b 95+1
Oberkulmer (n=32) 3.8+0.2a 48.7+09a 156+04a 56+2a 136+2
Rubiota (n=32) 34+02b  456+0.8b 153+04a 57+3a 137+2
ZOR (n=32) 34+02b  433+08bc 14.6+03b 45+2c¢ 109+2
ANOVA p-values
Main effects
YR <0.05 NS <0.001 NS <0.05
FT <0.01 <0.05 <0.001 <0.001 NS
VR <0.001 <0.001 <0.001 <0.001 <0.001
Interactions
YR x FT NS NS NS NS NS
YR x VR NS <0.001 <0.05 <0.01 <0.001
FT x VR NS NS NS NS NS
YRxFTxVR NS NS NS NS NS

Fertiliser type and variety main effect mean/SE values followed by the same letter within each
column are not significantly different (Tukey’s general linear hypothesis test p <0.05); NS Not
significant; BD Biogas digestate; FYM Composted farmyard manure; CS Cattle slurry; MN
Mineral N fertiliser; ZOR Ziircher Oberldnder Rotkorn

fortifying N-fertilisers with Se used in countries like
Finland (Alfthan et al. 2015), applications of cattle
FYM and cattle manure slurry (CS) in this study may
therefore have increased Se-availability in the soil,
resulting in higher Se concentration in the grain. This
hypothesis is supported by previous studies which
showed (i) that FYM can contain high Se-levels espe-
cially where Se-supplementation of animal feeds
is used (Saha 2017) and (ii) farms that provided the
FYM and cattle slurry for the trials reported here,
routinely use Se-supplemented concentrate feed.
Dgaard et al. (2006) also reported an increase in Se
accumulation from a pot based study when cattle
slurry was applied to wheat with typical levels of Se
in a peaty soil (0.23-0.28 mg Se kg™ soil; pH of 6.8),
but with no difference observed when a loam soil was
used (0.26 mg Se kg~ soil; pH of 6.0). Although Kao
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et al. (2023) showed that one time application of Se
via sheep excreta did not increase the Se accumula-
tion and concentrations of perennial ryegrass grown
in pots and in some cases it was even decreased both
the NUE-CROPS and HMC trials in this study were
carried out in the same field and represented single
applications of organic manures.

As grain yields were significantly higher in min-
eral-N fertilised crops, the lower Se concentrations
may also have, at least partially, been due to a “dilu-
tion effect” resulting from Se-uptake and/or transloca-
tion into grain not increasing at the same rate as plant
growth and biomass production during the growing
season in mineral-N fertilised crops. The strong cor-
relations between grain yield and Se-concentrations
in common wheat (NUE-CROPS and QLIF trials) is
consistent with the “dilution effect” hypothesis, while
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Table 7 Interaction Variety Harvest year
means + SE for the effect
of harvest year (2015 and 2015 2016
2016) and variety on TGW,
grain Se concentration TGW (g) Filderstolz 419+143Ca 44.0+029 A a
and plant height in spelt Oberkulmer 524+0.96 Aa 4584044 Ab
(I spelta) recorded in the Rubiota 463+141Ba 433+035Bb
HMC trials
ZOR 425+0.72Cb 455+035AB a
Se concentration (ug kg™") Filderstolz 58+3Aa 44+3Bb
Oberkulmer 56+3Aa 55+3Aa
Rubiota 63+4Aa 51+3Ab
ZOR 51+4Ba 39+2Bb
Plant height (cm) Filderstolz 9+1Ca 90+1Cb
Oberkulmer 143+1Aa 1281 Ab
Rubiota 146+1Aa 126+1Ab
ZOR 111+1Ba 105£1Bb

ZOR, Ziircher Oberlénder Rotkorn; Means followed by different lowercase letters within each
row and uppercase letters within each column are significantly different (Tukey’s general linear

hypothesis test p <0.05)

the trend towards a positive correlation in spelt wheat
is not. The finding that, in 2012, average grain yields
in the NUE-CROPS trial were not significantly differ-
ent between mineral N and FYM fertilised common
wheat (3.3 and 3.1 t ha™! respectively), while grain
Se-concentrations were significantly higher in FYM
than mineral N fertilised crops (56 and 34 pg kg™
respectively), also does not support a “dilution effect”
hypothesis.

From the HMC trials the FYM and cattle slurry
treatments resulted in significantly higher grain Se
concentrations than the biogas digestate and mineral
N treatments. Borowska et al. (2012) investigated the
availability of total selenium content as influenced by
FYM and nitrogen fertilisers in spring barley and also
detected that selenium concentration in above-ground
parts and roots of spring barley was improved by the
application of FYM. The low grain Se-concentration
from the biogas digestate (BD) treatment in the cur-
rent study is likely because the digester feedstock
was from energy crops only and would therefore be
expected to have lower Se concentrations than cattle
manure (although not measured in the current study).
The higher yields obtained with BD when compared
with FYM applied at the same total N-input level
was also consistent with previously published stud-
ies on both spelt (Magistrali et al. 2020) and rye
(Tupits et al. 2022). It confirmed that the use of BD
as a fertiliser provides a sustainable option for both

organic and conventional farmers to reduce their car-
bon footprint and fertiliser costs, while increasing/
maintaining crop yields and overall economic per-
formance. However, the current study also indicates
that the use of BD may have some negative impacts
on the nutritional quality of spelt grain (i.e. lower
Se-concentration).

Crop protection

The effects of contrasting crop protection regimes
used in organic and conventional wheat production
could only be assessed in the QLIF trials, since the
NUE-CROPS and HMC trials were only carried out
with conventional crop protection regimes. The lower
Se-concentration in wheat under conventional crop
protection may be explained by a “dilution effect”
since grain yields were significantly higher with con-
ventional crop protection and correlation analyses
identified a highly significant negative correlation
between grain yield and Se-concentration.

There are, to our knowledge, no previous studies
examining the effect of crop protection protocols on
Se-concentration in cereal grains. However, a previ-
ous study, which compared grain yields together with
Cu and Zn (but not Se) concentrations in winter wheat
crops grown with organic versus conventional crop pro-
tection protocols reported higher yields, lower Cu and
Zn concentrations, but similar Cd concentrations in
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Fig. 1 Bi-plot derived from redundancy analysis (RDA) show-
ing the relationship between the fertiliser (mineral and com-
posted FYM), genetic (winter wheat and spelt) climatic factors
(air temperature, solar radiation and precipitation) and grain
yield, grain quality (protein concentration, TGW and Se con-
centration). Compost-Composted farmyard manure; Mineral—
Mineral N

wheat grown with organic compared with conventional
crop protection (Cooper et al. 2011), which is also con-
sistent with a “dilution effect” on mineral micro-nutri-
ents resulting from higher yields under conventional
crop protection. It should be noted that the growth regu-
lator chlormequat (CCC), which is used to reduce stem
length and thereby prevent lodging in conventional
wheat production, was shown to affect a wide range of
morphological, physiological parameters in wheat, even
in the absence of lodging (Green 1986; Naylor and Ste-
phen 1993). It is therefore feasible that CCC may have
had direct effects on plant micronutrient uptake and/or
transport/incorporation into the grain.

Rotational position

Effects of rotational position on grain Se-concen-
trations could only be assessed in the QLIF trials,
which had a unique factorial design that allowed the
performance of winter wheat to be assessed in two
rotational contexts in the same growing season (thus
avoiding confounding effects of climatic conditions).
However, in the harvest years assessed in this study
winter wheat was grown after grass-clover leys in
both the organic and conventional rotations, which is
the most likely reason why no significant effects of
rotation were detected.
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Species/variety

The effect of genetics could only be assessed in the
NUE-CROPS and HMC-trials, which compared the
performance of eight contrasting common wheat
and four contrasting spelt wheat varieties respec-
tively. The finding of substantial differences in grain
Se-concentrations and other performance parameters
between varieties within each species and between
the two species (common wheat varieties in the NUE-
CROPS trial compared with spelt varieties in the
HMC trial) is consistent with previous studies which
have reported considerable variation in wheat for Se
and other micronutrient concentrations (e.g. Zn) in
wheat grain (Murphy et al. 2008; Souza et al. 2014).
This, and the finding that wheat species was identified
as a stronger driver than fertiliser type in the RDA,
suggests that there is potential to improve grain Se-
concentrations via crop breeding/selection without
affecting yield which may lead to significant improve-
ments in public health as suggested by Murphy et al.
(2008). Specifically, Murphy et al. (2008) estimated
that in order to achieve the recommended daily Se-
intake would require the consumption of more than
double the amount of bread (~ 124 slices) made from
modern wheat cultivars compared with bread made
form older/historic varieties with higher grain Se-
content (55 slices). In terms of potential public health
impacts this may not only reduce negative impacts of
insufficient Se-intake, but also allows an adequate Se-
intake to be achieved with half the calorie intake from
bread and other cereal products, which may also con-
tribute to a reduction in obesity.

The positive correlations between grain Se con-
centration and plant height in both spelt and com-
mon wheat varieties is also consistent with previ-
ous studies which reported that on average older/
traditional, long-straw wheat species/varieties
(which tend to have longer straw) produce lower
grain yields, but higher grain concentrations of Se
and other mineral micro-nutrients when compared
with higher yielding, modern, short-straw wheat
varieties (Garvin et al. 2006; Murphy et al. 2007,
2008; Gomez-Becerra et al. 2010; Lachman et al.
2011). This may indicate that physiological differ-
ences between long and short straw varieties that
resulted in contrasting Se-uptake or relocation
efficiency were responsible for the differences in
grain Se-concentrations. However, this conclusion
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Fig. 2 Graphical summary of the agronomic and genetic factors thought to affect Se grain concentrations in winter wheat

needs to be treated with some caution as there
was a relatively small difference i.e. 15 cm dif-
ference between the short and tall varieties in the
NUE-CROPS trial and all spelt varieties including
the semi-dwarf Filderstolz in the HMC trial were
taller than the wheat varieties in the NUE-CROPS
trial.

Future studies will have to confirm to what extent
the physiological traits or QTLs responsible for high
Se concentration are associated with stem length.
However, if there are strong associations breeding
and/or selection of new varieties with higher grain
Se concentration and similar or higher grain yield or
yield stability, is likely to be easier for the organic

sector which often uses taller varieties to reduce com-
petition from weeds and reduce disease levels. This
hypothesis is based on results from both the NUE-
CROPS and QLIF trials which showed that the use
of FYM results in a lower risk of lodging in common
wheat compared with mineral N or NPK fertiliser
applied at the same total N-input level (Rempelos
et al. 2020, 2023). The lower lodging risk is therefore
thought to increase the feasibility of breeding and
selecting longer-straw varieties for the organic farm-
ing sector, since this may also co-select for increased
processing (e.g. grain protein concentration) and
nutritional (e.g. grain phenolic concentrations) qual-
ity (Rempelos et al. 2023). The positive correlations
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between plant height and Se-concentrations identified
in this study suggests that another important nutri-
tional quality parameter may be improved in organic
farming systems via the development and/or selec-
tion of longer straw varieties for the organic farming
sector.

In contrast, intensive conventional arable farm-
ing relies on high mineral-N inputs which increase
the risk of lodging unless short-straw varieties and
growth regulators are used. Therefore, breeding high
Se varieties for the conventional sector may require
the identification of traits/QTLs for high grain Se that
are not linked to stem length. This could for exam-
ple focus on targeting root-based transporters that can
discriminate between selenate and sulphate thereby
providing an opportunity to enhance (Se) uptake and
accumulation as suggested by Hawkesford and Zhao
(2007).

Murphy et al. (2007) also reported a significant
genotype x production system (organic vs conven-
tional) interaction for yield in four of five loca-
tions in which they compared 35 soft white win-
ter wheat genotypes. Analysis of these interactions
demonstrated that variety selection in an organic
system increased grain yield by 5- 31% depending
on location compared with ‘indirect selection’ (i.e.
selection based on yields obtained in conventional
farming background). Given varieties for organic
production in many countries are still primarily
selected via ‘indirect selection’ there may also be
a greater potential to select varieties for the organic
sector with both improved grain yield and Se con-
tent. It is important to note that significant genetic
variation for grain Se concentration in durum
wheat (Rodriguez et al. 2011), rice (Zhang et al.
2006; Norton et al. 2012) and barley (Ilbas et al.
2012) exists which suggests that there is considera-
ble potential to improve the grain Se concentration
in other cereals by breeding/selection.

Conclusions

The NUE-CROPS, QLIF and HMC trial results
reported showed that wheat species, variety, ferti-
liser type and crop protection can all influence grain
Se concentration, yield and grain quality (protein
concentration) with a graphical summary of the
findings presented in Fig. 2. Results also provide

@ Springer

evidence that farmyard manure can increase grain
Se concentrations likely by increasing Se avail-
ability in soils especially when used annually e.g.
in organic production systems and may provide an
alternative to the use of Se-fortified mineral fertilis-
ers, although this needs to be confirmed in future
studies. The between and within species variation
recorded for grain yield and Se in the NUE-CROPS
and HMC-trials also confirmed previous studies
which concluded that there is potential to breed/
select varieties with higher grain Se concentrations
while maintaining or increasing grain yield and/or
processing quality. However, results suggest that
this may need different breeding/selection strate-
gies when targeting the organic and conventional
sectors. Also, as long as agronomic practices which
can result in higher Se and other micronutrient con-
centrations produce lower yield and do not receive
a price premium in the market, it will remain dif-
ficult to persuade farmers to adopt innovations that
deliver nutritional quality gains.

Acknowledgements We thank Gavin Hall, Peter Shotton and
Rachel Chapman for managing the field trials presented in his

paper

Funding This QLIF trials were part of the QualityLowInput-
Food project funded by the EU FP6 program (project number
506358). The NUE-CROPS trials were funded by the European
Union FP6 program (project number 222-645). The HMC
(HealthyMinorCereals) trials were funded by the European
European Union’s FP7 Program (project number 613609). In
addition Mohammed Bin Daud received a study scholarship
from Universiti Teknologi MARA (UiTM) in Malaysia. The
authors have no relevant financial or non-financial interest to
disclose. All authors have edited and approved the manuscript
prior to submission.

Data Availability Data will be made available upon reason-
able request to the corresponding author.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

Plant Soil (2024) 494:477-496

493

References

Adams ML, Lombi E, Zhao FJ, McGrath SP (2002) Evidence
of low selenium concentrations in UK bread-making
wheat grain. J Sci Food Agric 82:1160-1165. https://doi.
org/10.1002/jsfa.1167

AHDB (2017) AHDB Recommended Lists for Cereals and
Oilseeds 2017/18, Summer 2017 Edition. Stoneleigh, UK.
Available via https://cereals.ahdb.org.uk/media/800462/
ahdb-recommended-list-web.pdf. Accessed 10 Sept 2018

Alfthan G, Eurola M, Ekholmc P, Venilidinend E-R, Root T,
Korkalainen K et al (2015) Effects of nationwide addi-
tion of selenium to fertilizers on foods, and animal and
human health in Finland: from deficiency to optimal
selenium status of the population. J Trace Elem Med
Biol 31:142-147. https://doi.org/10.1016/j.jtemb.2014.
04.009

Bilsborrow P, Cooper J, Tétard-Jones C, Srednicka-Tober D,
Eyre M, Schmidt C et al (2013) The effect of organic
and conventional management on the yield and quality of
wheat grown in a long-term field trial. Eur J Agron 51:71—
80. https://doi.org/10.1016/j.eja.2013.06.003

Borowska K, Koper J, Grabowska M (2012) Impact of farm-
yard manure and different doses of nitrogen on the availa-
bility of selenium by spring barley (Hordeum vulgare L.).
Ecol Chem Eng 19:547-554. https://doi.org/10.2428/ecea.
2012.19(06)055

Bretz F, Hothorn T, Westfall P (2011) Multiple comparisons
using R. Chapman and Hall/CRC, New York

Broadley MR, White PJ, Bryson RJ, Meacham MC, Bowen
HC, Johnson SE et al (2006) Biofortification of UK food
crops with selenium. Proc Nutr Soc 65:169-181. https://
doi.org/10.1079/PNS2006490

Broadley MR, Alcock J, Alford J, Cartwright P, Foot I, Fair-
weather-Tait SJ et al (2010) Selenium biofortification of
high-yielding winter wheat (Triticum aestivum L.) by
liquid or granular Se fertilisation. Plant Soil 332:5-18.
https://doi.org/10.1007/s11104-009-0234-4

Cakmak I (2008) Enrichment of cereal grains with zinc: agro-
nomic or genetic biofortification? Plant Soil 302:1-17.
https://doi.org/10.1007/s11104-007-9466-3

Cakmak I, Ozkan H, Braun HJ, Welch RM, Romheld V (2000)
Zinc and iron concentrations in seeds of wild, primitive,
and modern wheats. Food Nutr Bull 21:401-403. https://
doi.org/10.1177/156482650002100411

Cakmak I, Pfeiffer WH, Mcclafferty B (2010) Biofortification
of durum wheat with zinc and iron. Cereal Chem 87:10—
20. https://doi.org/10.1094/CCHEM-87-1-0010

Carey A, Scheckel KG, Lombi E, Newville M, Norton GJ,
Price AH, Meharg AA (2012) Grain accumulation of sele-
nium species in rice (Oryza sativa L.). Envi Sci Technol
46:5557-5564. https://doi.org/10.1021/es203871j

Ceseviciene J, Slepetiene A, Leistrumaite A, Ruzgas V,
Slepetys J (2012) Effects of organic and conventional pro-
duction systems and cultivars on the technological prop-
erties of winter wheat. J Sci Food Agric 92:2811-2818.
https://doi.org/10.1002/jsfa.5675

Chen YP, Peng Q, Liang DL, Song WW, Lei LM, Yu DS
(2017) Effects of nitrogen application on selenium uptake,
translocation and distribution in winter wheat. Huan Jing

Ke Xue 38(2):825-31. https://doi.org/10.13227/j.hjkx.
201607194

Cooper J, Sanderson R, Cakmak I, Ozturk L, Shotton P, Car-
michael A et al (2011) Effect of organic and conventional
crop rotation, fertilization, and crop protection practices
on metal contents in wheat (Triticum aestivum). J Agric
Food Chem 59:4715-4724. https://doi.org/10.1021/jf104
389m

Del Coco L, Laddomada B, Migoni D, Mita G, Simeone R,
Fanizzi F (2019) Variability and site dependence of grain
mineral contents in tetraploid wheats. Sustain 11:736.
https://doi.org/10.3390/su11030736

Deng X, Liu K, Li M, Zhang W, Zhao X, Zhao Z, Liu X (2017)
Difference of selenium uptake and distribution in the plant
and selenium form in the grains of rice with foliar spray
of selenite or selenate at different stages. Field Crops Res
211:165-171. https://doi.org/10.1016/j.fcr.2017.06.008

Djalalinia S, Hasani M, Asayesh H, Ejthad H-S, Malmir
H, Kasaeian A et al (2021) The effects of dietary sele-
nium supplementation on inflammatory markers among
patients with metabolic diseases: a systematic review and
meta-analysis of randomized controlled trials. J Diabetes
Metab Disord 20:1051-1062. https://doi.org/10.1007/
s40200-021-00821-3

El Mehdawi AF, Jiang Y, Guignardi ZS, Esmat A, Pilon M,
Pilon-Smits EAH, Schiavon M (2018) Influence of sulfate
supply on selenium uptake dynamics and expression of
sulfate/selenate transporters in selenium hyperaccumula-
tor and non-hyperaccumulator Brassicaceae. New Phytol
217:194-205. https://doi.org/10.1111/nph.14838

El-Bayoumy K (2001) The protective role of selenium on
genetic damage and on cancer. Mutat Res 475:123-139.
https://doi.org/10.1016/S0027-5107(01)00075-6

Eyre MD, Critchley CNR, Leifert C, Wilcockson SJ (2011)
Crop sequence, crop protection and fertility management
effects on weed cover in an organic/conventional farm
management trial. Eur J Agron 34:153-162. https://doi.
org/10.1016/j.eja.2011.01.001

Fageria NK, Moraes MF, Ferreira EPB, Knupp AM (2012)
Biofortification of trace elements in food crops for human
health. Commun Soil Sci Plant Anal 43:556-570. https://
doi.org/10.1080/00103624.2012.639431

Garvin DF, Welch RM, Finlay JW (2006) Historical shifts in
the seed mineral micronutrient concentration of US hard
red winter wheat germplasm. J Sci Food Agric 86:2213—
2220. https://doi.org/10.1002/jsfa.2601

Gomez-Becerra HF, Erdem H, Yazici A, Tutus Y, Torun B,
Ozturk L, Cakmak I (2010) Grain concentrations of pro-
tein and mineral nutrients in a large collection of spelt
wheat grown under different environments. J Cereal Sci
52:342-349. https://doi.org/10.1016/j.jcs.2010.05.003

Go6mez-Galera S, Rojas E, Sudhakar D, Zhu C, Pelacho
AM, Capell T, Christou P (2010) Critical evaluation of
strategies for mineral fortification of staple food crops.
Transgenic Res 19:165-180. https://doi.org/10.1007/
s11248-009-9311-y

Govasmark E, Singh BR, MacLeod JA, Grimmett MG (2008)
Selenium concentration in spring wheat and leaching
water as influenced by application times of selenium and
nitrogen. J Plant Nutr 31:193-203. https://doi.org/10.
1080/01904160701853605

@ Springer


https://doi.org/10.1002/jsfa.1167
https://doi.org/10.1002/jsfa.1167
https://cereals.ahdb.org.uk/media/800462/ahdb-recommended-list-web.pdf
https://cereals.ahdb.org.uk/media/800462/ahdb-recommended-list-web.pdf
https://doi.org/10.1016/j.jtemb.2014.04.009
https://doi.org/10.1016/j.jtemb.2014.04.009
https://doi.org/10.1016/j.eja.2013.06.003
https://doi.org/10.2428/ecea.2012.19(06)055
https://doi.org/10.2428/ecea.2012.19(06)055
https://doi.org/10.1079/PNS2006490
https://doi.org/10.1079/PNS2006490
https://doi.org/10.1007/s11104-009-0234-4
https://doi.org/10.1007/s11104-007-9466-3
https://doi.org/10.1177/156482650002100411
https://doi.org/10.1177/156482650002100411
https://doi.org/10.1094/CCHEM-87-1-0010
https://doi.org/10.1021/es203871j
https://doi.org/10.1002/jsfa.5675
https://doi.org/10.13227/j.hjkx.201607194
https://doi.org/10.13227/j.hjkx.201607194
https://doi.org/10.1021/jf104389m
https://doi.org/10.1021/jf104389m
https://doi.org/10.3390/su11030736
https://doi.org/10.1016/j.fcr.2017.06.008
https://doi.org/10.1007/s40200-021-00821-3
https://doi.org/10.1007/s40200-021-00821-3
https://doi.org/10.1111/nph.14838
https://doi.org/10.1016/S0027-5107(01)00075-6
https://doi.org/10.1016/j.eja.2011.01.001
https://doi.org/10.1016/j.eja.2011.01.001
https://doi.org/10.1080/00103624.2012.639431
https://doi.org/10.1080/00103624.2012.639431
https://doi.org/10.1002/jsfa.2601
https://doi.org/10.1016/j.jcs.2010.05.003
https://doi.org/10.1007/s11248-009-9311-y
https://doi.org/10.1007/s11248-009-9311-y
https://doi.org/10.1080/01904160701853605
https://doi.org/10.1080/01904160701853605

494

Plant Soil (2024) 494:477-496

Green CF (1986) Modifications to the growth and develop-
ment of cereals using chlorocholine chloride in the
absence of lodging: a synopsis. Field Crops Res 14:117—
133. https://doi.org/10.1016/0378-4290(86)90051-1

Hart DJ, Fairweather-Tait SJ, Broadley MR, Dickinson SJ,
Foot I, Knott P et al (2011) Selenium concentration and
speciation in biofortified flour and bread: Retention of
selenium during grain biofortification, processing and
production of Se-enriched food. Food Chem 126:1771-
1778. https://doi.org/10.1016/j.foodchem.2010.12.079

Hawkesford MJ, Zhao FJ (2007) Strategies for increasing the
selenium content of wheat. J Cereal Sci 46:282-292.
https://doi.org/10.1016/j.jcs.2007.02.006

Hejcman M, Berkovd M, Kunzova E (2013) Effect of long-
term fertilizer application on yield and concentrations
of elements (N, P, K, Ca, Mg, As, Cd, Cu, Cr, Fe, Mn,
Ni, Pb, Zn) in grain of spring barley. Plant Soil Environ
59:329-334. https://doi.org/10.17221/159/2013-PSE

Hlisnikovsky L, Hejcman M, Kunzova E, Mensik L (2019)
The effect of soil-climate conditions on yielding param-
eters, chemical composition and baking quality of
ancient wheat species Triticum monococcum L., Triti-
cum dicoccum Schrank and Triticum spelta L. in com-
parison with modern Triticum aestivum L. Arch Agron
Soil Sci 65:152-163. https://doi.org/10.1080/03650340.
2018.1491033

Ilbas Al Yilmaz S, Akbulut M, Bogdevich O (2012) Uptake
and distribution of selenium, nitrogen and sulfur in three
barley cultivars subjected to selenium applications. J Plant
Nutr 35:442-452. https://doi.org/10.1080/01904167.2012.
639923

Jones GD, Droz B, Greve P, Gottschalk P, Poffet D, McGrath
SP et al (2017) Selenium deficiency risk predicted to
increase under future climate change. Proc National Acad
Sci  114:2848-2853. https://doi.org/10.1073/pnas.16115
76114

Kao PT, Buss HL, McGrath SP, Darch T, Warren HE, Lee
MREF (2023) The uptake of selenium by perennial ryegrass
in soils of different organic matter contents receiving
sheep excreta. Plant Soil 486:639-659. https://doi.org/10.
1007/s11104-023-05898-8

Kieliszek M (2019) Selenium—fascinating microelement, prop-
erties and sources in food. Molecules 24(7):1298. https://
doi.org/10.3390/molecules24071298

Klikocka H, Kobiatka A, Szostak B, Barczak B (2017) Effect
of sulphur and nitrogen fertilization on the selenium
content and uptake by grain of spring wheat. J Elem
22(3):985-994. https://doi.org/10.5601/jelem.2016.21.3.
1296

Kohajdova Z, Karovicova J (2008) Nutritional value and bak-
ing application of spelt wheat. Acta Sci Pol Technol Ali-
ment 7:5-14

Lachman J, Miholova D, Pivec V, Jira K, Janovska D (2011)
Content of phenolic antioxidants and selenium in grain of
einkorn (Triticum monococcum), emmer (Triticum dicoc-
cum) and spring wheat (Triticum aestivum) varieties. Plant
Soil Environ 57:235-243

Lee S, Woodard HJ, Doolittle JJ (2011) Selenium uptake
response among selected wheat (Triticum aestivum) varie-
ties and relationship with soil selenium fractions. Soil Sci

@ Springer

Plant Nutr 57:823-832. https://doi.org/10.1080/00380768.
2011.641909

Lyons GH, Judson GJ, Ortiz-Monasterio I, Genc Y, Stangoulis
JCR, Graham RD (2005a) Selenium in Australia: Sele-
nium status and biofortification of wheat for better health.
J Trace Elem Med Biol 19:75-82. https://doi.org/10.
1016/j.jtemb.2005.04.005

Lyons G, Ortiz-Monasterio I, Stangoulis J, Graham R (2005b)
Selenium concentration in wheat grain: is there suffi-
cient genotypic variation to use in breeding? Plant Soil
269:269-380. https://doi.org/10.1007/s11104-004-0909-9

Magistrali A, Vavera R, Janovska D, Rempelos L, Cakmak I,
Leifert C et al (2020) Evaluating the effect of agronomic
management practices on the performance of differing
spelt (Triticum spelta) cultivars in contrasting environ-
ments. Field Crops Res 255:1-11. https://doi.org/10.
1016/j.fcr.2020.107869

Malagoli M, Schiavon M, Dall’Acqua S, Pilon-Smits EAH,
(2015) Effects of selenium biofortification on crop nutri-
tional quality. Front Plant Sci 6:10-2239. https://doi.org/
10.3389/fpls.2015.00280

Manojlovi¢ MS, Loncari¢ Z, Cabilovski RR, Popovi¢ B,
Karali¢ K, Ivezi¢ V et al (2019) Biofortification of wheat
cultivars with selenium. Acta Agric Scand Sect B Soil
Plant Sci 69:715-724. https://doi.org/10.1080/09064710.
2019.1645204

Miller DD, Welch RM (2013) Food system strategies for pre-
venting micronutrient malnutrition. Food Policy 42:115—
128. https://doi.org/10.1016/j.foodpol.2013.06.008

Mora M, Duran P, Acuiia J, Cartes P, Demanet R, Gianfreda
L (2015) Improving selenium status in plant nutrition and
quality. J Soil Sci Plant Nutr 15:486-503. https://doi.org/
10.4067/S0718-9516201500500004 1

Murphy KM, Campbell KG, Lyon SR, Jones SS (2007) Evi-
dence of varietal adaptation to organic farming systems.
Field Crop Res 102:172-177

Murphy KM, Reeves PG, Jones SS (2008) Relationship
between yield and mineral nutrient concentrations in
historical and modern spring wheat cultivars. Euphytica
163:381-390. https://doi.org/10.1007/s10681-008-9681-x

Myung S-K, Ju W, Cho B, Oh S-W, Park SM, Koo P-K, Park
B-J (2013) Efficacy of vitamin and antioxidant supple-
ments in prevention of cardiovascular disease: systematic
review and meta-analysis of randomised controlled trials.
BMJ 346:f10. https://doi.org/10.1136/bm;j.f10

NABIM (2016) Wheat and flour testing. Available via: https://
www.nabim.org.uk/eventsandpublications. Accessed 15
Nov 2020

Naylor R, Stephen N (1993) Effects of nitrogen and the plant
growth regulator chlormequat on grain size, nitrogen con-
tent and amino acid composition of triticale. J Agric Sci
1202:159-169. https://doi.org/10.1017/S0021859600074 1
90

Nelson AG, Quideau SA, Frick B, Hucl PJ, Thavarajah D,
Clapperton MJ, Spaner DM (2011) The soil microbial
community and grain micronutrient concentration of his-
torical and modern hard red spring wheat cultivars grown
organically and conventionally in the black soil zone of
the Canadian prairies. Sustain 3:500-517. https://doi.org/
10.3390/su3030500


https://doi.org/10.1016/0378-4290(86)90051-1
https://doi.org/10.1016/j.foodchem.2010.12.079
https://doi.org/10.1016/j.jcs.2007.02.006
https://doi.org/10.17221/159/2013-PSE
https://doi.org/10.1080/03650340.2018.1491033
https://doi.org/10.1080/03650340.2018.1491033
https://doi.org/10.1080/01904167.2012.639923
https://doi.org/10.1080/01904167.2012.639923
https://doi.org/10.1073/pnas.1611576114
https://doi.org/10.1073/pnas.1611576114
https://doi.org/10.1007/s11104-023-05898-8
https://doi.org/10.1007/s11104-023-05898-8
https://doi.org/10.3390/molecules24071298
https://doi.org/10.3390/molecules24071298
https://doi.org/10.5601/jelem.2016.21.3.1296
https://doi.org/10.5601/jelem.2016.21.3.1296
https://doi.org/10.1080/00380768.2011.641909
https://doi.org/10.1080/00380768.2011.641909
https://doi.org/10.1016/j.jtemb.2005.04.005
https://doi.org/10.1016/j.jtemb.2005.04.005
https://doi.org/10.1007/s11104-004-0909-9
https://doi.org/10.1016/j.fcr.2020.107869
https://doi.org/10.1016/j.fcr.2020.107869
https://doi.org/10.3389/fpls.2015.00280
https://doi.org/10.3389/fpls.2015.00280
https://doi.org/10.1080/09064710.2019.1645204
https://doi.org/10.1080/09064710.2019.1645204
https://doi.org/10.1016/j.foodpol.2013.06.008
https://doi.org/10.4067/S0718-95162015005000041
https://doi.org/10.4067/S0718-95162015005000041
https://doi.org/10.1007/s10681-008-9681-x
https://doi.org/10.1136/bmj.f10
https://www.nabim.org.uk/eventsandpublications
https://www.nabim.org.uk/eventsandpublications
https://doi.org/10.1017/S0021859600074190
https://doi.org/10.1017/S0021859600074190
https://doi.org/10.3390/su3030500
https://doi.org/10.3390/su3030500

Plant Soil (2024) 494:477-496

495

Norton GJ, Duan GL, Lei M, Zhu YG, Meharg AA, Price AH
(2012) Identification of quantitative trait loci for rice grain
element composition on an arsenic impacted soil: influ-
ence of flowering time on genetic loci. Ann Appl Biol
161:46-56. https://doi.org/10.1111/j.1744-7348.2012.
00549.x

@gaard AF, Sogn TA, Eich-Greatorex S (2006) Effect of cat-
tle manure on selenate and selenite retention in soil. Nutri
Cycl Agroecosyst 76:39-48. https://doi.org/10.1007/
$10705-006-9039-5

Oliveira K, Pataco IM, Mourinho MP, Santos C, Pelica J,
Ramalho JC et al (2015) Selenium biofortification in rice-
A pragmatic perspective. Emirates J Food Agric 27:231—
241. https://doi.org/10.9755/ejfa.v27i3

Pecoraro BM, Leal DF, Frias-De-Diego A, Browning M, Odle
J, Crisci E (2022) The health benefits of selenium in food
animals: a review. J] Animal Sci Biotech 13:58. https://doi.
org/10.1186/540104-022-00706-2

Pinheiro JC, Bates DM (2000) Mixed-effects models in S and
S-PLUS, 1st edn. Springer-Verlag, New York

Poblaciones MJ, Santamaria O, Garcia-white T, Rodrigo SM
(2014) Selenium biofortification in bread-making wheat
under Mediterranean conditions: influence on grain yield
and quality parameters. Crop Pasture Sci 65:362-369.
https://doi.org/10.1071/CP14061

R Core Team (2017) R: A language and environment for statis-
tical computing, in, R Foundation for Statistical Comput-
ing, Vienna, Austria

Rahman MM, Erskine W, Zaman MS, Thavarajah P, Thavara-
jah D, Siddique KHM (2013) Selenium biofortification in
lentil (Lens culinaris Medikus subsp. culinaris): farmers’
field survey and genotype X environment effect. Food Res
Int 54:1596-1604. https://doi.org/10.1016/j.foodres.2013.
09.008

Rayman MP (2005) Selenium in cancer prevention: a review
of the evidence and mechanism of action. Proc Nutr Soc
64:527-542. https://doi.org/10.1079/PNS2005467

Rayman MP (2020) Selenium intake, status, and health: a com-
plex relationship. Hormones (Athens) 19:9-14. https:/
doi.org/10.1007/s42000-019-00125-5

Reis HPG, de Queiroz Barcelos JP, Junior EF, Santos EF, Silva
VM, Moraes MF et al (2018) Agronomic biofortification
of upland rice with selenium and nitrogen and its relation
to grain quality. J Cereal Sci 79:508-515. https://doi.org/
10.1016/j.jcs.2018.01.004

Rempelos L, Wang J, Sufar EK, Almuayrifi MSB, Knutt D,
Leifert H et al (2023) Breeding bread-making wheat vari-
eties for organic farming systems: the need to target pro-
ductivity, robustness, resource use efficiency and grain
quality traits. Foods 12:1209. https://doi.org/10.3390/
foods12061209

Rempelos L, Almuayrifi MSB, Baranski M, Tetard-Jones C,
Barkla B, Cakmak I et al (2020) The effect of agronomic
factors on crop health and performance of winter wheat
varieties bred for the conventional and the low input farm-
ing sector. Field Crops Res 254:107822 https://doi.org/10.
1016/j.fcr.2020.107822

Rodriguez LH, Morales DA, Rodriguez ER, Romero CD
(2011) Minerals and trace elements in a collection of
wheat landraces from the Canary Islands. J] Food Comp

Anal 24:1081-1090. https://doi.org/10.1016/j.jfca.2011.
04.016

Sager M (2007) Trace and nutrient elements in manure, dung
and compost samples in Austria. Soil Biol Biochem
39:1383-1390. https://doi.org/10.1016/j.50ilbio.2006.12.
015

Saha U (2017) Selenium in the soil-plant environment: a
review. Int J Appl Agric Sci 3:1-18. https://doi.org/10.
11648/j.ijaas.20170301.11

Schrauzer GN, Surai PF (2009) Selenium in human and animal
nutrition: resolved and unresolved issues. A partly histori-
cal treatise in commemoration of the fiftieth anniversary
of the discovery of the biological essentiality of selenium,
dedicated to the memory of Klaus Schwarz (1914-1978)
on the occasion of the thirtieth anniversary of his death.
Crit Rev Biotechnol 29(1):2-9. https://doi.org/10.1080/
07388550902728261

Sharma S, Kaur N, Kaur S, Nayyar H (2017) Selenium as a
nutrient in biostimulation and biofortification of cereals.
Indian J Plant Physiol 22:1-15. https://doi.org/10.1007/
s40502-016-0249-9

Shewry PR (2018) Do ancient types of wheat have health ben-
efits compared with modern bread wheat? J Cereal Sci
79:469-476. https://doi.org/10.1016/j.jcs.2017.11.010

Singh SS, Hazra KK, Praharaj CS, Singh U (2016) Biofortifi-
cation: Pathway Ahead and Future Challenges. In: Singh
U, Praharaj C, Singh S, Singh N (eds) Biofortification of
Food Crops. Springer, New Delhi. https://doi.org/10.1007/
978-81-322-2716-8_34

Soil Association (2010) Organic Standards for Producers. Soil
Association, Bristol, UK

Souza GA, Hart JJ, Carvalho JG, Rutzke MA, Albrecht JC,
Guilherme LRG et al (2014) Genotypic variation of zinc
and selenium concentration in grains of Brazilian wheat
lines. Plant Sci 224:27-35. https://doi.org/10.1016/j.plant
$¢1.2014.03.022

Steinbrenner H, Al-Quraishy S, Dkhil M, Wunderlich F, Sies H
(2015) Dietary selenium in adjuvant therapy of viral and
bacterial infections. Adv Nutr 6:73-82. https://doi.org/10.
3945/an.114.007575

Stoffaneller R, Morse NL (2015) A review of dietary selenium
intake and selenium status in Europe and the Middle East.
Nutrients  7:1494-1537.  https://doi.org/10.3390/nu703
1494

Stroud JL, Broadley MR, Foot I, Fairweather-Tait SJ, Hart DJ,
Hurst R et al (2010a) Soil factors affecting selenium con-
centration in wheat grain and the fate and speciation of Se
fertilisers applied to soil. Plant Soil 332:19-30. https://
doi.org/10.1007/s11104-009-0229-1

Stroud JL, Li HF, Lopez-Bellido FJ, Broadley MR, Foot I, Fair-
weather-Tait SJ et al (2010b) Impact of sulphur fertilisa-
tion on crop response to selenium fertilisation. Plant Soil
332:31-40. https://doi.org/10.1007/s11104-009-0230-8

Ter Braak C, Smilauer P (2012) Canoco reference manual and
user’s guide: software for ordination (version 5.0). Micro-
computer Power, Ithaca

Tupits I, Tamm I, Magistrali A, Rempelos L, Cakmak I, Leifert
C et al (2022) Evaluating the effect of nitrogen fertilizer
rate and source on the performance of open-pollinated
rye (Secale cereale L.) cultivars in contrasting European

@ Springer


https://doi.org/10.1111/j.1744-7348.2012.00549.x
https://doi.org/10.1111/j.1744-7348.2012.00549.x
https://doi.org/10.1007/s10705-006-9039-5
https://doi.org/10.1007/s10705-006-9039-5
https://doi.org/10.9755/ejfa.v27i3
https://doi.org/10.1186/s40104-022-00706-2
https://doi.org/10.1186/s40104-022-00706-2
https://doi.org/10.1071/CP14061
https://doi.org/10.1016/j.foodres.2013.09.008
https://doi.org/10.1016/j.foodres.2013.09.008
https://doi.org/10.1079/PNS2005467
https://doi.org/10.1007/s42000-019-00125-5
https://doi.org/10.1007/s42000-019-00125-5
https://doi.org/10.1016/j.jcs.2018.01.004
https://doi.org/10.1016/j.jcs.2018.01.004
https://doi.org/10.3390/foods12061209
https://doi.org/10.3390/foods12061209
https://doi.org/10.1016/j.fcr.2020.107822
https://doi.org/10.1016/j.fcr.2020.107822
https://doi.org/10.1016/j.jfca.2011.04.016
https://doi.org/10.1016/j.jfca.2011.04.016
https://doi.org/10.1016/j.soilbio.2006.12.015
https://doi.org/10.1016/j.soilbio.2006.12.015
https://doi.org/10.11648/j.ijaas.20170301.11
https://doi.org/10.11648/j.ijaas.20170301.11
https://doi.org/10.1080/07388550902728261
https://doi.org/10.1080/07388550902728261
https://doi.org/10.1007/s40502-016-0249-9
https://doi.org/10.1007/s40502-016-0249-9
https://doi.org/10.1016/j.jcs.2017.11.010
https://doi.org/10.1007/978-81-322-2716-8_34
https://doi.org/10.1007/978-81-322-2716-8_34
https://doi.org/10.1016/j.plantsci.2014.03.022
https://doi.org/10.1016/j.plantsci.2014.03.022
https://doi.org/10.3945/an.114.007575
https://doi.org/10.3945/an.114.007575
https://doi.org/10.3390/nu7031494
https://doi.org/10.3390/nu7031494
https://doi.org/10.1007/s11104-009-0229-1
https://doi.org/10.1007/s11104-009-0229-1
https://doi.org/10.1007/s11104-009-0230-8

496

Plant Soil (2024) 494:477-496

environments. Crop Sci 62:928-946. https://doi.org/10.
1002/csc2.20687

Vréek IV, Rasi¢ D, Cepo DV, Medi¢-Sari¢ M, Boji¢ M, Mendas
G et al (2014) A comparison of the nutritional value and
food safety of organically and conventionally produced
wheat flours. Food Chem 143:522-529. https://doi.org/10.
1016/j.foodchem.2013.08.022

Wang J, Chatzidimitriou E, Wood L, Hasanaliyeva G, Mar-
kellou E, Iversen PO et al (2020) Effect of wheat species
(Triticum aestivum vs T. spelta), farming system (organic
vs conventional) and flour type (wholegrain vs white) on
composition of wheat flour — results of a retail survey
in the UK and Germany - 2. Antioxidant activity, and
phenolic and mineral content. Food Chem X 6:100091.
https://doi.org/10.1016/j.fochx.2020.100091

Wang J, Baranski M, Korkut R, Kalee HA, Wood L et al (2021)
Effect of irrigation, fertiliser type and variety choice on
grain yield and nutritional quality parameters in spelt
wheat (Triticum spelta) grown under semi-arid conditions.
Food Chem 358:129826. https://doi.org/10.1016/j.foodc
hem.2021.129826

White PJ (2016) Selenium accumulation by plants. Ann Bot
117:217-235. https://doi.org/10.1093/aob/mcv180

Wu Z, Baifiuelos GS, Lin ZQ, Liu Y, Yuan L, Yin X, Li M
(2015) Biofortification and phytoremediation of selenium
in China. Front Plant Sci 6:136. https://doi.org/10.3389/
fpls.2015.00136

Xia Y, Hill KE, Byrne DW, Xu J, Burk RF (2005) Effective-
ness of selenium supplements in a low-selenium area of

@ Springer

China. Am J Clin Nutr 81:829-834. https://doi.org/10.
1093/ajcn/81.4.829

Zhang L, Shi W, Wang X, Zhou X (2006) Genotypic differences in
selenium accumulation in rice seedlings at early growth stage
and analysis of dominant factors influencing selenium content
in rice seeds. J Plant Nutr 29:1601-1618. https://doi.org/10.
1080/01904160600851437

Zhao C, Ren J, Xue C, Lin E (2005) Study on the relation-
ship between soil selenium and plant selenium uptake.
Plant ~ Soil = 277:197-206.  https://doi.org/10.1007/
s11104-005-7011-9

Zhao FJ, Su YH, Dunham SJ, Rakszegi M, Bedo Z, McGrath
SP, Shewry PR (2009) Variation in mineral micronutrient
concentrations in grain of wheat lines of diverse origin. J
Cereal Sci 49:290-295. https://doi.org/10.1016/j.jcs.2008.
11.007

Zou C, Du Y, Rashid A, Ram H, Savasli E, Pieterse PJ et al
(2019) Simultaneous biofortification of wheat with zinc,
iodine, selenium, and iron through foliar treatment of
a micronutrient cocktail in six countries. J Agric Food
Chem 67:8096-8106. https://doi.org/10.1021/acs.jafc.
9b01829

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1002/csc2.20687
https://doi.org/10.1002/csc2.20687
https://doi.org/10.1016/j.foodchem.2013.08.022
https://doi.org/10.1016/j.foodchem.2013.08.022
https://doi.org/10.1016/j.fochx.2020.100091
https://doi.org/10.1016/j.foodchem.2021.129826
https://doi.org/10.1016/j.foodchem.2021.129826
https://doi.org/10.1093/aob/mcv180
https://doi.org/10.3389/fpls.2015.00136
https://doi.org/10.3389/fpls.2015.00136
https://doi.org/10.1093/ajcn/81.4.829
https://doi.org/10.1093/ajcn/81.4.829
https://doi.org/10.1080/01904160600851437
https://doi.org/10.1080/01904160600851437
https://doi.org/10.1007/s11104-005-7011-9
https://doi.org/10.1007/s11104-005-7011-9
https://doi.org/10.1016/j.jcs.2008.11.007
https://doi.org/10.1016/j.jcs.2008.11.007
https://doi.org/10.1021/acs.jafc.9b01829
https://doi.org/10.1021/acs.jafc.9b01829

	Increasing grain selenium concentration via genetic and agronomic innovations
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Experimental design
	Plant measurements
	Statistical analysis

	Results
	Effects of harvest year, variety and fertiliser type on common wheat performance (NUE-CROPS trial)
	Effects of harvest year, crop rotation, crop protection and fertilisation regime on wheat performance (QLIF trial)
	Effects of year, variety and fertiliser type on spelt performance (HMC trial)
	Association between climatic, agronomic and genetic variables with performance parameters

	Discussion
	Mineral versus organic fertilisers
	Crop protection
	Rotational position
	Speciesvariety

	Conclusions
	Acknowledgements 
	Anchor 24
	References


