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a  b  s  t  r  a  c  t

Suboptimal  dietary  Se  intake  is  widespread  in  Malawi  due to low  levels  of plant-available  Se in most  soils
and narrow  food  choices.  The  aim of  this  study  was  to determine  the  potential  for  biofortifying  maize
using  Se-enriched  fertilisers  in  Malawi.  The  response  of  maize  to  three  forms  of  selenate-Se  fertiliser
was  determined.  Crops  were treated  with  a liquid  drench  of  Na2SeO4(aq) (0–100  g  Se ha−1),  a compound
NPK  +  Se  fertiliser  (0–6  g  Se  ha−1),  or Se-enriched  calcium  ammonium  nitrate  (CAN  +  Se;  0–20  g  Se ha−1).
Experiments  with  Na2SeO4(aq) and  NPK  +  Se  were  conducted  at  six  field  sites,  and  at  a  subset  of three
sites  with  CAN  +  Se,  in 2008/09  and  2009/10  (i.e.  30  experimental  units).  The  increase  in grain  Se con-
centration  was  approximately  linear  for all Se  forms  and  application  rates  (R2 >  0.90  for  27  of  the  30

−1

icronutrients

ub-Saharan Africa
elenium
ea mays

experimental  units).  On  average,  whole-grain  Se increased  by 20,  21  and  15  �g Se kg for  each  gram  of
Se applied  as  Na2SeO4(aq), NPK  +  Se  and  CAN  +  Se,  respectively.  Grain  and  stover  yields  were  unaffected  by
Se applications.  An  application  of  5 g Se  ha−1 to maize  crops  in  Malawi  would  increase  dietary  Se intake
by 26–37  �g Se  person−1 d−1 based  on  national  maize  consumption  patterns.  Agronomic  biofortification
with  Se  in  Malawi  is  feasible  in theory  through  the  existing  national  Farm  Input  Subsidy  Programme
(FISP)  if deemed  to  be economically  and  politically  acceptable.
. Introduction

Selenium (Se) is an essential element for humans and is derived
rimarily from dietary sources (Fairweather-Tait et al., 2011).
abitual suboptimal dietary Se intake leads to reduced Se sta-

us, which is associated with a range of adverse health outcomes
ncluding cardiovascular disorders, impaired immune function, and
ome forms of cancer. In Malawi, where subsistence agriculture is
idespread and food choices are relatively narrow, there is evi-
ence of widespread suboptimal dietary Se intakes (Donovan et al.,
992; Eick et al., 2009; Chilimba et al., 2011) and status (van
ettow et al., 2004). In Malawi, over 50% of dietary calorie intake
2,172 kcal person−1 d−1; 2007 data; FAO, 2011) is derived from

aize grain, equating to 0.354 kg person d−1 based on trade and
roduction statistics (FAO, 2011). Consumption of animal prod-
cts with higher Se concentrations (fish, meat, offal, fats, milk
nd eggs) accounts for just 64 kcal person−1 d−1 (FAO, 2011). From

ationwide surveys of farmers’ fields, the median maize grain Se
oncentration of 0.019 mg  Se kg−1 (range 0.005–0.533 mg  Se kg−1)
epresents an intake of only 6.7 �g Se person−1 d−1 from maize

∗ Corresponding author.
E-mail address: martin.broadley@nottingham.ac.uk (M.R. Broadley).

378-4290/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.fcr.2011.08.014
©  2011  Elsevier  B.V.  All  rights  reserved.

based on national consumption patterns (Chilimba et al., 2011).
Low Se concentrations in edible crop material produced in Malawi
are due to the widespread occurrence of highly weathered acid soils
with low total and plant-available Se concentrations. In these soils,
most Se is likely to be present in organic and mineral-occluded
forms which are not directly available to plants, with most of the
remainder present as strongly adsorbed Se(IV) species, which are
poorly available compared to Se(VI) (Chilimba et al., 2011).

Suboptimal Se intake can be addressed through dietary diver-
sification, food imports, supplements, food fortification and
biofortification (Rayman, 2004, 2008; Broadley et al., 2006, 2010;
Fairweather-Tait et al., 2011). Dietary diversification is an attractive
option in terms of general protein, mineral and vitamin intake. In
Burundi, greater consumption of fish, meat and offal among more
affluent groups has been linked to higher Se intakes (Benemariya
et al., 1993). However, access to diverse diets is not possible in many
socio-economic contexts. Similarly, despite clear links between the
Se composition and the geographic origin of staple foods such as
wheat and rice (Thomson, 2004; Williams et al., 2009; Johnson et al.,
2010; Fairweather-Tait et al., 2011), altering trade patterns is unde-

sirable in many contexts. Supplementation of diets or foodstuffs
with inorganic or organic forms of Se is again feasible (Rayman,
2004), although the production and equitable distribution of Se
supplements is logistically challenging and expensive, and robust

dx.doi.org/10.1016/j.fcr.2011.08.014
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
mailto:martin.broadley@nottingham.ac.uk
dx.doi.org/10.1016/j.fcr.2011.08.014
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Table  1
Site location, soil characteristics and type of Se fertiliser applied.

Site Soil Se
concentration
(mg  kg−1)a

Selenium form Location (◦)
(Lat., Long.)

Soil typeb Texture classc pHd OM (%)e Fertiliser applied
(kg ha−1)f

N P2O5 K2O

Bvumbwe (Dwale)g 0.288 Na2SeO4 −15.92, 35.07 Chromic Luvisols sl 5.2 1.08 92 20 10
NPK  + Se 100 20 20
CAN  + Se 130 45 23

Chitala (Chinguluwe) 0.362 Na2SeO4 −13.68, 34.28 Chromic Luvisols scl 5.6 2.38 92 20 10
NPK  + Se 100 20 20

Chitedze (Chitsime) 0.300 Na2SeO4 −13.98, 33.63 Chromic Luvisols scl 5.9 2.03 92 20 10
NPK  + Se 100 20 20
CAN + Se 130 45 23

Makoka (Thondwe) 0.272 Na2SeO4 −15.52, 35.22 Chromic Luvisols scl 5.4 1.87 92 20 10
NPK  + Se 100 20 20

Mbawa  (Mbawa) 0.124 Na2SeO4 −12.12, 33.42 Haplic Luvisols ls 5.7 1.86 92 20 10
NPK  + Se 100 20 20

Ngabu (Mikalango)h 0.217 Na2SeO4 −16.60, 34.35 Eutric Vertisols c 7.9 2.64 92 20 10
NPK  + Se 100 20 20
CAN  + Se 130 45 23

Kasinthula (Mitole)i 0.197 Na2SeO4 −16.05, 34.81 Eutric Vertisols sl 7.4 2.95 92 20 10
NPK  + Se 100 20 20
CAN  + Se 130 45 23

a Total soil Se.
b FAO classification (Green and Nanthambwe, 1992).
c sl = sandy loam, scl = sandy clay loam, ls = loamy sand, c = clay.
d Water.
e Organic matter.
f Na2SeO4, uniform NPK (base, 23:10:5 + 3S) and N (top, urea); NPK + Se (25:5:5 + 0.0012), varying Se splits; CAN + Se, uniform NPK (base 23:10:5 + 3S) and N (top,

CAN/CAN + Se).
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g Extension planning area (EPA) in parentheses.
h 2008/09 only.
i 2009/10 only (irrigated site).

ontrols are required to minimise risks of toxicity. The potential for
enetic biofortification of crops through breeding is not yet clear.
yons et al. (2005) screened cereal grain Se composition among
odern wheat (Triticum aestivum L.), durum wheat (Triticum dicoc-

um (Schrank) Schubl.), wheat landraces, ancestral diploid relatives
Aegilops tauschii (Coss.) Schmal.), barley (Hordeum vulgare L.), trit-
cale (x Triticosecale Wittmack ex A. Camus.) and rye (Secale cereale
.), all grown on soils with low bioavailable Se concentrations. A
ack of breeding potential was noted, with cereal grain Se compo-
ition being associated primarily with non-genetic factors, as also
een in UK bread wheat (n = 150; Zhao et al., 2009). However, vari-
tion in grain Se composition among non-cultivated varieties and
t higher bioavailable soil Se concentrations indicates that future
reeding efforts may  yet be possible (Lyons et al., 2005; Garvin et al.,
006; White and Broadley, 2009). In terms of agronomic biofortifi-
ation, the Se concentrations of all fractions of cereal grains can be
ncreased easily when Se is applied in its selenate form (Broadley
t al., 2010; Hart et al., 2011). In a public health setting, Se fertilisa-
ion has already been adopted at a national scale in Finland, in 1984,
ollowing primary legislation. This led to immediate increases in the
e concentrations of Finnish foods and dietary Se intakes (Eurola
t al., 1991; Broadley et al., 2006).

The aim of this study was to determine the potential for increas-
ng grain Se concentration in maize in Malawi using fertiliser-based
pproaches. Malawi was chosen because there is evidence of
idespread low Se intakes and status among the population due

o the low plant-available Se concentrations of the soils and a lack
f diversity within the typical diet (Chilimba et al., 2011). Further-

ore, to secure maize yields, Malawi has operated a Farm Input

ubsidy Programme (FISP) since 2005/06 (Dorward and Chirwa,
011), under which fertiliser is distributed to small-scale farm-
rs via a voucher system. The FISP involves major commitments of
financial and human resources through the national extension ser-
vice system and represents a potential public health intervention
route, as adopted previously in Finland.

2. Materials and methods

2.1. Overview

Three sets of field experiments were conducted in Malawi, in
each of the 2008/09 and 2009/10 cropping seasons, to determine
the response of maize to three forms of selenate-Se containing fer-
tiliser. These were: (1) a liquid drench of Na2SeO4(aq) (41.8% Se,
Sigma–Aldrich Company Ltd, Dorset, UK), (2) compound fertiliser
granules containing NPK + Se, representing a 25:5:5 + Na product
marketed under the trade name Top Stock® (Yara UK, Immingham,
UK) which contains 0.0012% Se (w/w) as Na2SeO4 and (3) calcium
ammonium nitrate (CAN + Se; Yara) containing 0.005% Se (w/w),
also as Na2SeO4.

2.2. Site and crop selection, cultivation and experimental design

In both years, fields were selected at research stations of the
Malawi Ministry of Agriculture and Food Security (MoAFS), at
Bvumbwe, Chitala, Chitedze, Makoka, Mbawa and Ngabu (Table 1).
All sites were rain-fed. As lack of rain and crop failure occurred at
Ngabu in 2009/10, a late-sown crop was grown under irrigation
at a replacement site at nearby Kasinthula, within the same Shire
Valley Agricultural Development Division (ADD). Soils at all sites

were Luvisols except for the Shire Valley ADD sites (Eutric Vertisol).
Experiments with Na2SeO4(aq) and NPK + Se were conducted at six
sites in 2008/09 and 2009/10 using Zea mays L. var. SC627 (a local
hybrid). Experiments with CAN + Se were conducted at a subset of
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Table 2
Experimental timelines for all sites examinedin Malawi during the 2008/09 and 2009/10 cropping seasons. ‘na’ denotes not applicable.

Site 2008/09 2009/10

Sowing Base dressing Top dressing Harvest Sowing Base dressing Top dressing Harvest

Bvumbwe 11 December 23 December 14 January 30 April 25 December 15 January 15 February 3 May
Chitala  10 December 27 December 16 January 28 April 23 December 3 January 23 January 26 April
Chitedze 9 December 30 December 22 January 4 May  15 December 1 January 19 January 27 April
Makoka 9 December 22 December 15 January 14 April 15 December 22 December 23 January 27 April

6 May
15 Ap
na 

t
u
e

q
s
o
T
T
o

Mbawa 10  December 29 December 27 January 

Ngabu  11 December 24 December 14 January 

Kasinthula na na na 

hree sites in each year (Bvumbwe, Chitedze and Ngabu/Kasinthula)
sing maize varieties SC627 and ZM623 (an open pollinated vari-
ty).

At each site, the soil was ploughed to 30 cm depth and subse-
uently harrowed. Ridges 30 cm in height were prepared at 75 cm
pacings. Shortly after first rainfall, two maize seeds were sown
n the top of each ridge at 25 cm spacings on the dates shown in

able 2. Each experimental plot comprised four ridges 5 m in length.
he two outer ridges and three terminal maize plants at each end
f the ridge were used as guard rows, giving a net plot size of two
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Fig. 1. Influence of fertilisation with Na2SeO4(aq) on grain Se concentration in maize gr
 21 December 4 January 21 January 29 April
ril na na na na

16 February 25 February 18 March 6 June

ridges by 4 m in length. After approximately 2 weeks, the seedlings
were thinned to one plant per planting station and a base NPK fer-
tiliser dressing was  applied (see below). Plots were weeded twice
during the growing season. Crops harvested from a representative
area of 7.5 m2 after grain had ripened were dried in the field before
being separated into cobs and stover. Cobs were weighed in the
laboratory. Stovers were weighed in the field using lower-precision

balances.

A randomised block design was  adopted for each experimen-
tal unit. For experiments with Na2SeO4(aq) and NPK + Se, there

Na2SeO4(aq) application (g Se ha-1)

0 20 40 60 80 100

(b) Chitala

(d) Makoka

(f) Ngabu & Kasinthula

own at six sites in Malawi: filled circles 2008/09; open circles 2009/10 (±SEM).
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ig. 2. Influence of fertilisation with Na2SeO4(aq) on stover Se concentration in maiz

ere four replicates per treatment, except at Bvumbwe in 2009/10
here three replicates were used due to space constraints. For

xperiments involving CAN + Se, there were three replicates per
reatment at all sites. All data analyses were conducted in GenStat
V.13.3.0.5165, VSN International, Hemel Hempstead, UK).

.3. Fertiliser applications

For the Na2SeO4(aq) experiment, eight treatment levels (0, 5,
0, 15, 25, 50, 75 and 100 g Se ha−1) were included at six sites in
ach of 2 years, representing 376 plots in total. The Na2SeO4(aq)
as applied at early stem extension (∼‘knee high’; Table 2) during

he rainy season. To ensure even application, the Na2SeO4(aq) was
pplied as a high-volume drench using a knapsack sprayer, with
he operator wearing personal protective equipment of overalls,
oots, a face-shield and nitrile gloves (Broadley et al., 2010). A 16 L
erthoud Vermorel 2000Pro knapsack tank (Exel GSA, Villefanche-
ur-Saône, France) was connected to a 1 m boom housing three

urmark 110◦, flat-fan spray nozzles (Hypro EU Ltd, Longstanton,
ambridge, UK), spaced equally, with a spray-swath of 1.5 m.  A
oarse nozzle type “08 white” was used (1180 mL  nozzle−1 min−1;
ritish Crop Protection Council, 2001) to minimise potential aerosol
wn at six sites in Malawi: filled circles 2008/09; open circles 2009/10 (±SEM).

drift. Ergonomically acceptable drench rates were calibrated to
treat four replicate plots from a single tank at appropriate walk-
ing speed with two  passes (833 L water ha−1). Plots were treated
in ascending order of target Se application rates; no water was
applied to control plots to minimise any risk of Se-contamination.
A base application of N, P2O5 and K2O (46, 20 and 10 kg ha−1,
respectively) was made to all plots using a 23:10:5 + 3 S fertiliser
(Yara UK) and a top dressing of urea at 46 kg N ha−1 was sub-
sequently applied (Table 2). Base dressings were applied shortly
after emergence; top-dressings were applied at early stem exten-
sion (Table 2). Fertiliser granules were applied via calibrated
cups to the base of individual plants, using a hand-placement
method.

For the NPK + Se experiment, five treatment levels were used
(0, 1.5, 3.0, 4.5 and 6.0 g Se ha−1) at six sites in each of 2 years.
A split Se treatment was  included as a sub-factor, giving nine
NPK + Se treatments, representing 423 plots in total. Splits repre-
sented base:top applications of Se as: 0 g Se ha−1 (0:0), 1.5 g Se ha−1
(100:0, 0:100), 3 g Se ha−1 (100:0, 50:50, 0:100), 4.5 g Se ha−1

(25:75, 75:25) and 6 g Se ha−1 (50:50). Fertiliser granules were
applied by hand-placement as described previously. To ensure that
50:50 base:top split applications of NPK were identical for all plots,
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pplications were balanced using a 25:5:5 NPK granular prod-
ct marketed under the trade name Super Grass® (Yara UK), i.e.
nly Se applications were split. In total, each plot received the
quivalent of 100, 20 and 20 kg ha−1 of N, P2O5 and K2O, respec-
ively.

For the CAN + Se experiment, five treatment levels were used (0,
, 10, 15 and 20 g Se ha−1), at three sites in each of 2 years using two
arieties of maize, representing 180 plots in total. A base applica-
ion of N, P2O5 and K2O (46, 20 and 10 kg ha−1, respectively) was

ade to all plots (Table 2) using a 23:10:5 + 3 S fertiliser (Yara UK).
AN + Se was applied as a top dressing, using the hand-placement
ethod described previously. Nitrogen was balanced using calcium

mmonium nitrate (CAN) without Se. In total, each plot received
he equivalent of 130, 45 and 23 kg ha−1 of N, P2O5 and K2O,
espectively.

.4. Maize grain Se analysis

Milled grain (∼0.4 g dry weight, DW)  was digested under
icrowave heating for 45 min  at a controlled pressure of 2 MPa

n 3.0 mL  of 70% trace analysis grade (TAG) HNO3, 2.0 mL  H2O2
nd 3.0 mL  Milli-Q water (Fisher Scientific UK Ltd, Loughborough,
eicestershire, UK). The microwave system comprised a Multi-
ave 3000 platform with a 48-vessel 48MF50 rotor (Anton Paar
mbH, Graz, Austria). Samples were digested in vessels compris-

ng perfluoroalkoxy (PFA) liner material and polyethylethylketone
PEEK) pressure jackets (Anton Paar GmbH). Digested samples were
iluted to 20 mL  (30% HNO3) with Milli-Q water (18.2 M�  cm)
nd stored at room temperature pending elemental analysis.
mmediately prior to analysis, samples were diluted 1-in-10

ith Milli-Q water. Selenium (78Se) analysis was undertaken
y ICP-MS (X-SeriesII, Thermo Fisher Scientific Inc., Waltham,
A,  USA) using a hydrogen reaction cell. Samples were intro-

uced from an autosampler (Cetac ASX-520, Omaha, NE, USA)
ith 4 × 60-place sample racks, at 1 mL  min−1 through a con-

entric glass venturi nebuliser and Peltier-cooled (3 ◦C) spray
hamber (Thermo Fisher Scientific Inc.). Internal standards intro-
uced to the sample stream via a T-piece included Ge and Rh
10 �g L−1) in 2% TAG HNO3. An external wheat flour standard (NIST
567a; National Institute of Standards and Technology, Gaithers-
urg, MD,  USA) was used as reference material. Each digestion
atch (n = 48) included two blank digestions and two  certified
eference samples; final Se concentrations were converted to
g  kg−1 DW.

. Results

.1. Na2SeO4(aq) experiments

Selenium concentration in maize grain and stover increased
hen a single high volume drench of Na2SeO4(aq) was applied

o maize crops at all six sites in each of 2 years (12 experimen-
al units; Figs. 1 and 2; Table 3). The relationship between crop
e concentration and Se fertilisation rate was approximately lin-
ar (R2 > 0.87) for both grain and stover in all experimental units
xcept for stover fractions under irrigation at Kasinthula in 2009/10
Table 3). For each g Se ha−1 applied, Se concentration in maize
rain increased by 11–29 �g Se kg−1 and stover Se concentration
ncreased by 3–21 �g Se kg−1 (Table 3). Across all experimental
nits, crop yield varied from 2112 to 7009 kg grain ha−1 and 3169

o 16,458 kg stover ha−1, with a strong effect of site in each year
P < 0.001; Table 4). However, there were no significant effects of
e application on grain or stover yield in any of the experimental
nits (P > 0.05). Ta
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Table  4
Summary of yield data and treatment effects for Na2SeO4(aq) fertilisation experiments on maize grown at six sites in Malawi in 2008/09 and 2009/10. ‘na’ denotes not
applicable, i.e. no trial was conducted.

Experimental site Grain yield (kg ha−1) Stover yield (kg ha−1)

2008/09 2009/10 2008/09 2009/10

Bvumbwe 4141 3050 7333 4279
Chitala 6498 5242 15792 14875
Chitedze 6527 9369 5475 7117
Makoka 7009 5560 6542 11192
Mbawa  3906 3058 4758 4408
Ngabu 2764 na 16458 na
Kasinthula na 2112 na 3169

; P < 0
; P = 0

3; P =

3

i
c
y

F

Site F5,141 = 116; P < 0.001 F5,133 = 175
Se  treatment F7,141 = 1.54; P = 0.159 F7,133 = 0.64
Site/Se  treatment F35,141 = 1.01; P = 0.465 F35,133 = 0.9

.2. NPK + Se experiments
The relationship between crop Se concentration and Se fertil-
sation rate was approximately linear when a granular NPK + Se
ompound was applied to maize crops at six sites in both
ears (12 experimental units; Figs. 3 and 4; Table 3), in a
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ig. 3. Influence of fertilisation with granular NPK + Se on grain Se concentration in maize
.001 F5,141 = 306; P < 0.001 F5,133 = 127; P < 0.001
.719 F7,141 = 1.02; P = 0.423 F7,133 = 1.02; P = 0.421

 0.590 F35,141 = 1.13; P = 0.308 F35,133 = 0.59; P = 0.963

response similar to the liquid drench experiment. For grain,
R2 > 0.90 at all sites and years except for Ngabu in 2008/09

2 2
(R = 0.82) and Chitala in 2009/10 (R = 0.73). For stover frac-
tions, R2 > 0.90 except for Makoka (R2 = 0.58) and Ngabu (R2 = 0.71)
in 2008/09. For each g Se ha−1 applied, grain Se concentration
increased by 11–33 �g Se kg−1 and stover Se concentration by

NPK+Se application (g Se ha-1)

0 1 2 3 4 5 6

(b) Chitala

(d) Makoka

(f) Ngabu & Kasinthula

 grown at six sites in Malawi: filled circles 2008/09; open circles 2009/10 (±SEM).
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–20 �g Se kg−1 (Table 3). Across all experimental units, crop yield
aried from 2598 to 7637 kg grain ha−1 and 3961 to 18,807 kg

−1
tover ha , with a strong effect of site in each year (P < 0.001;
able 5). Again, there were no significant effects of Se applica-
ion on grain or stover yield in any of the experimental units
P > 0.05).

able 5
ummary of yield data and treatment effects for NPK + Se fertilisation experiments on ma

Experimental site Grain yield (kg ha−1) 

2008/09 2009/10 

Bvumbwe 4206 3208 

Chitala 7068 4759 

Chitedze 5802 7637 

Makoka 6955 7520 

Mbawa 5684 2641 

Ngabu 2598 na 

Kasinthula na 3890 

Site  F5,159 = 72.2; P < 0.001 F5,150 = 103; P <
Se  treatment F4,159 = 2.14; P = 0.079 F4,150 = 1.16; P
Site/Se  treatment F20,159 = 0.68; P = 0.840 F20,150 = 0.65; P
Se  treatment/split F4,159 = 1.76; P = 0.140 F4,150 = 1.17; P
Site/Se  treatment/split F20,159 = 1.79; P = 0.026 F20,150 = 1.01; P
NPK+Se application (g Se ha )

e grown at six sites in Malawi: filled circles 2008/09; open circles 2009/10 (±SEM).

Across all experimental units and fertiliser application rates,
the timing of application affected grain Se concentration (Fig. 5).

Although the significance of this effect was marginal in 2008/09
(P = 0.06), grain Se concentration at five of the six sites was  higher
in the late (top dressing) Se application treatment than in the (base)
application plots, with an overall difference of 13%. The effect of

ize grown at six sites in Malawi in 2008/09 and 2009/10.

Stover yield (kg ha−1)

2008/09 2009/10

8870 4591
16037 13667
5230 5670
7000 18807
7328 3961
15285 na
na 5835

 0.001 F5,159 = 208; P < 0.001 F5,150 = 293; P < 0.001
 = 0.331 F4,159 = 0.61; P = 0.659 F4,150 = 2.24; P = 0.067

 = 0.865 F20,159 = 0.36; P = 0.995 F20,150 = 0.70; P = 0.825
 = 0.325 F4,159 = 0.62; P = 0.65 F4,150 = 2.25; P = 0.066

 = 0.454 F20,159 = 1.17; P = 0.286 F20,150 = 0.64; P = 0.874
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for grain and stover yields in 2008/09 but not in 2009/10

F

.5  and 3 g Se ha−1 treatments at 0:100 and 4.5 g Se ha−1 treatments with 75:25
plits. n = 69 and 63 for 2008/09 and 2009/10, respectively, for each bar (±SEM).

iming was highly significant in 2009/10 (P = 0.009). Grain Se con-

entration at all six sites was higher following late Se application
ompared to early Se application, with an overall difference of 33%
Fig. 5).
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3.3. CAN + Se experiments

The relationship between crop Se concentration and Se fer-
tilisation rate was  again approximately linear when a granular
CAN + Se compound was  applied to two  maize genotypes, a
local hybrid (SC627) and an open pollinated variety (ZM623), at
three sites in both years (six experimental units; Figs. 6 and 7;
Table 3). As there was no significant effect of variety on
grain or stover Se concentration, data for both varieties
were combined for subsequent analyses. For grain, R2 > 0.97
for all sites and years except Ngabu in 2008/09 (R2 = 0.17).
For stover fractions, R2 > 0.92 except for Ngabu (R2 = 0.09) in
2008/09. For each g Se ha−1 applied, maize grain Se concentra-
tion increased by 4–33 �g Se kg−1, and stover Se concentration
increased by 1–21 �g Se kg−1 (Table 3). Across all experimen-
tal units, crop yield varied from 2638 to 8311 kg grain ha−1

and 4773 to 15,200 kg stover ha−1, with a strong effect of site
in each year (P < 0.001; Table 6). As observed with the other
forms of Se, there were no significant effects of Se applica-
tion on grain or stover yields in any of the experimental units
(P > 0.05). There were significant variety × site interaction terms
(Table 6).
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Table 6
Summary of yield data and treatment effects for CAN + Se fertilisation experiments on maize grown at three sites in Malawi in 2008/09 and 2009/10.

Experimental site Grain yield (kg ha−1) Stover yield (kg ha−1)

2008/09 2009/10 2008/09 2009/10

SC627 ZM623 SC627 ZM623 SC627 ZM623 SC627 ZM623

Bvumbwe 5930 4332 4720 3964 10044 7422 6947 5947
Chitedze 5209 5498 8098 8311 4773 5324 7040 6258
Ngabu 2638 3648 na na 15200 11911 na na
Kasinthula na na 4013 3996 na na 6021 5994

Site F2,58 = 24.9; P < 0.001 F2,58 = 86.6; P < 0.001 F2,58 = 72.4; P < 0.001 F2,58 = 1.13; P = 0.329
Se  treatment F4,58 = 1.03; P = 0.401 F4,58 = 0.59; P = 0.668 F4,58 = 0.90; P = 0.470 F4,58 = 0.53; P = 0.716
Variety F1,58 = 0.12; P = 0.725 F1,58 = 0.42; P = 0.522 F1,58 = 9.52; P = 0.003 F1,58 = 2.87; P = 0.095
Site/Se  treatment F8,58 = 0.60; P = 0.777 F8,58 = 0.53; P = 0.832 F8,58 = 1.04; P = 0.420 F8,58 = 0.61; P = 0.766
Site/variety F2,58 = 7.61; P = 0.001 F2,58 = 1.02; P = 0.368 F2,58 = 4.19; P = 0.020 F2,58 = 0.69; P = 0.508
Se  treatment/variety F4,58 = 1.41; P = 0.243 F4,58 = 0.07; P = 0.990 F4,58 = 0.37; P = 0.828 F4,58 = 0.05; P = 0.994
Site/Se  treatment/variety F8,58 = 1.16; P = 0.336 F8,58 = 0.37; P = 0.935 F8,58 = 1.14; P = 0.354 F8,58 = 0.47; P = 0.870

Table 7
Proportional recovery of Se in maize, calculated from the linear response of crop Se concentration to Se-fertilisation across all Se application levels (Table 3) multiplied by
mean  yields of grain and stover fractions (Tables 4–6).

Site Se source Efficiency 2008/09 Efficiency 2009/10

Grain (%) Stover (%) Total efficiency (%) Grain (%) Stover (%) Total efficiency (%)

Bvumbwe Na2SeO4 5 11 16 8 9 17
NPK  + Se 8 18 26 5 7 12
CAN  + Se 4 5 9 8 10 18

Chitala Na2SeO4 14 8 22 12 16 28
NPK  + Se 18 27 45 7 21 27

Chitedze Na2SeO4 10 2 13 12 4 16
NPK  + Se 12 6 18 15 4 19
CAN  + Se 5 3 8 13 5 18

Makoka Na2SeO4 8 2 10 11 9 20
NPK  + Se 18 4 22 25 13 38

0  0 0 0

Mbawa Na2SeO4 10 5 15 7 5 12
NPK  + Se 14 10 24 8 8 15

Ngabu/Kasinthula Na2SeO4 5 13 18 

NPK  + Se 3 20 23 

CAN  + Se 1 1 3 
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Fig. 7. Summary of response of maize grain Se concentration to three forms of
selenate-Se fertiliser. Data are for all sites and both years at application rates
<25 g Se ha−1 (±SEM). Further details are given on the inset legend.
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3.4. Overall efficiency of the fertilisation process

The mean proportional recovery of Se in maize applied in exoge-
nous forms averaged 18% and 20% in the whole crop in 2008/09
and 2009/10, respectively (Table 7). The recovery was split approx-
imately equally between grain and stover fractions. Crop recoveries
of Se were calculated from the linear response of crop Se concen-
tration to Se-fertilisation across all Se application levels (Table 3),
multiplied by mean yields of grain and stover fractions (Tables 4–6).
However, there was considerable variation in overall recovery of
Se, ranging from 3% for CAN + Se applied at Ngabu, up to 45% for
NPK + Se at Chitala, both in 2008/09 (Table 7).

4. Discussion

Agronomic biofortification of maize with Se appears to be a fea-
sible option for increasing dietary Se intake in Malawi as grain Se
increased by 19.7, 20.7 and 14.8 �g Se kg−1 grain for each g Se ha−1

applied as Na2SeO4(aq), NPK + Se and CAN + Se, respectively (Fig. 7).
However, if agronomic biofortification is to be adopted, the process
must be reliable and cost-effective, in terms of health benefits and
efficiency of resource-use, compared to alternative strategies such

as the use of mineral supplements.

Selenium intake from maize sources in Malawi is estimated
to be <6 �g Se person−1 d−1 for 50% of the population and
<7.5 �g Se person−1 d−1 for 90% of the population (Chilimba et al.,
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011). These intake data are based on extrapolated soil and maize
rain Se concentration data from a preliminary survey, combined
ith average per capita maize consumption. Based on limited pub-

ished data for Malawi, average Se intake from non-maize sources
s likely to range between 15 and 22 �g Se person−1 d−1 (Donovan
t al., 1992; Eick et al., 2009). However, many individuals will obtain

 much larger proportion of their dietary energy from maize than
verage per capita maize consumption patterns suggest, and subop-
imal Se intake is clearly very widespread. From the present study,
n application of 5 g Se ha−1 to maize crops would increase aver-
ge dietary Se intake in Malawi by 26.3–36.6 �g Se person−1 d−1.
uch levels would increase dietary Se intake to accepted refer-
nce values of ∼50–70 �g Se person−1 d−1 (Fairweather-Tait et al.,
011). The risk of overdose, based on a current safe upper limit
f 400 �g Se person−1 d−1 intake (Department of Health, 1991;
nstitute of Medicine, 2000), would appear to be minimal at these
pplication levels, even for individuals with diverse diets. However,
ny public health intervention involving widespread agronomic
iofortification with Se would clearly require careful monitoring to
nsure beneficial health outcomes. Whilst it is widely accepted that
e intake < 30 �g Se d−1 is suboptimal for most adults, there remain
onsiderable gaps in our knowledge of the relationships between
e intake, plasma Se concentrations and selenoenzyme activities,
nd definitive health outcomes (e.g. immune functioning), espe-
ially among individuals of very low-Se status in SSA. This situation
ust now be addressed via controlled intervention experiments as

 matter of urgency.
In terms of reliability, the linear response of crop Se concen-

ration to all forms and application rates of Se was  striking and
onsistent at most sites. This is consistent with many previous stud-
es dating back to the 1970s (reviewed by Lyons et al., 2003). For
rain Se concentration, R2 > 0.90 for the linear response in 27 of
he 30 experimental units. For stover Se concentration, R2 > 0.87
or the linear response in 26 of the experimental units. For those
nstances where the linear response was less strong, four still had
ighly significant R2 values of 0.58–0.82. The three non-significant

inear responses were at the Ngabu or Kasinthula sites. In addition
o low rainfall at Ngabu in 2008/09, both sites have soils classified
s calcareous Eutric Vertisols (FAO system) with pH(water) values of
.4 and 7.9 (Green and Nanthambwe, 1992; Chilimba et al., 2011).
t these pH levels, soil-to-grain transfer of native Se is up to 10-fold
reater than under the normal acid conditions seen at Luvisol sites
Chilimba et al., 2011). This is likely to be due to a decrease in sorp-
ion strength of Se(IV) in the pH range 6–8 (Duc et al., 2006) and the
otential oxidation of Se(IV) to Se(VI) at high pH, which is more avail-
ble for crop uptake (Vuori et al., 1989; Masscheleyn et al., 1990;
éby et al., 2001). It is noteworthy that Eutric Vertisols comprise just
0.5% of the land area of Malawi (Chilimba et al., 2011). However,

oil types representing a further 23% have not yet been sampled
nd, given the critical role of soil properties in determining grain Se
oncentration, there is a pressing need for structured geochemical
ampling of soils and grain in Malawi before agronomic bioforti-
cation strategies are implemented. Geochemical data should be
ombined with information on other factors including rainfall, soil
anagement and crop yield. Within this geochemical context, the

verall agronomic efficiency of the process must also be carefully
onitored and optimised, to ensure the sustainable use of global

e reserves (Haug et al., 2007; Broadley et al., 2010). Clearly, fur-
her work is required to understand the variation in overall crop
ecovery of Se (Table 7) and to determine the fate of unrecovered
e in subsequent cropping years.

As observed previously for field-grown wheat (Broadley et al.,

010), maize grain and stover yields were unaffected by Se appli-
ations up to 100 g Se ha−1. These observations are consistent with
ther field studies of wheat (Ducsay and Ložek, 2006; Grant et al.,
007; Curtin et al., 2008), despite evidence that plant growth may
esearch 125 (2012) 118–128 127

be stimulated by increased Se supply in controlled environment
conditions (Hartikainen and Xue, 1999; Xue and Hartikainen, 2000;
Turakainen et al., 2004; White et al., 2004; Lyons et al., 2009; Ríos
et al., 2009). Selenium-induced growth stimulation in plants has
been attributed to increased resistance to oxidative stress and the
stimulation of sulphur transport and assimilation pathways. Fur-
ther studies are needed to assess these phenomena in a wider field
context.

In terms of input-costs, the distribution of fertilisers to small-
holder farmers and villages and the cost of exogenous Se supplies
must be weighed against the projected health benefits at an indi-
vidual and population level. The distribution and use of fertilisers at
the smallholder farmer level is widespread in Malawi. In 2005, fol-
lowing poor maize yields, the Malawi Government introduced an
Agricultural Input Subsidy Programme (AISP, since renamed FISP).
Under the FISP, small-scale farmers are provided with vouchers for
mineral fertilisers and hybrid maize seed via national extension
services on an annual basis (Denning et al., 2009; Dorward and
Chirwa, 2011). The FISP imports ∼0.2 Mt  yr−1 of fertilisers and dis-
tributes these according to economic need. The FISP represents a
major commitment of financial and human resources, costing 6.6%
of GDP in 2008/9, i.e. an annual spend of >$250 m.  At a household
level, a fertiliser ‘coupon’ is worth >10% of annual income for up to
half of the population. An independent review of the FISP recently
concluded that it has led to a doubling of maize production and
to wider economic growth and poverty reduction (Dorward and
Chirwa, 2011). The opportunity to distribute Se-enriched fertilis-
ers via the FISP is analogous to the precedent set when the Finnish
Government passed primary legislation in 1983 to incorporate Se
in compound fertilisers from 1984. The fact that the fertiliser sector
was largely under state control facilitated this initiative and led to
rapid increases in the Se concentrations of all foodstuffs, dietary Se
intakes and the Se status of individuals (Eurola et al., 1991; Broadley
et al., 2006). The Finnish programme has continued to the present
day.

In terms of exogenous Se, the mean annual price of commercial-
grade Se over the 5 year period 2005–2009 has ranged from
∼50 to 110 USD kg−1 (USGS, 2011). If an application level of
5 g Se ha−1 is deemed to be a suitable target for all Se imported
under the FISP and assuming that a 25% N-containing product
was applied at rate of 50 kg N ha−1, each metric tonne of fer-
tiliser would require incorporation of sufficient Se to treat 5 ha,
i.e. 25 g Se t−1 fertiliser. This equates to 5000 kg Se to enrich all fer-
tiliser used in the FISP at an additional cost of ∼$250–550 k yr−1

(or ∼1.6–3.5 US cents person−1 yr−1). Clearly there are additional
technical and compliance costs associated with the incorporation
of Se into granular fertiliser. Furthermore, Se-enriched fertilisers
distributed under the FISP may  not reach all individual farmers.
However, a distribution method based on fertilisers is likely to be
more equitable than a supplementation programme which targets
certain demographic groups (e.g. children), especially given that
most individuals in Malawi are likely to be vulnerable to Se malnu-
trition. It is difficult to envisage a more cost-effective, equitable, or
immediate method to alleviate Se malnutrition among the popula-
tion of Malawi than one based on agronomic biofortification.
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