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ABSTRACT

Pearl millet [Pennisetum glaucum (L. R. Br.]
is one of the most important cereals in West
and Central Africa (WCA). Human populations
in WCA are strongly affected by micronutri-
ent deficiencies. Biofortification, the develop-
ment of pearl millet varieties with enhanced
micronutrient levels, is recognized as a suitable
approach to reducing this widespread health
problem. To assess the potential of biofortifica-
tion of WCA pearl millet germplasm, we stud-
ied quantitative-genetic parameters of eight
mineral densities in whole and decorticated
grains, their stability over environments, and the
correlations among minerals and agromorpho-
logical traits. The study included 72 WCA pearl
millet genotypes grown in three environments
in Niger, contrasting in soil fertilization. Signifi-
cant genotypic effects, moderate estimates of
heritability, and genetic variation for mineral
densities, especially for Fe and Zn, indicate a
high potential for biofortification of WCA pearl
millet. However, screening of additional land-
races or introgression of favorable alleles from
highly nutrient-dense Indian germplasm could
expedite achievement of higher densities. Gen-
otype-by-environment interaction effects were
significant for Fe and Zn grain densities, show-
ing the importance of multienvironmental evalu-
ation for identifying stable genotypes. Identified
genotypes with relatively stable Fe and Zn grain
densities appear suitable for use in future WCA
pearl millet biofortification breeding programs.
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MICRONUTRIENT MALNUTRITION affects about two billion
people in the world (Muthayya et al., 2013), primarily in
developing countries such as those in West and Central Africa
(WCA) (Birner et al.,, 2007). The major cause of this so called
“hidden hunger” is insufhiciently diversified diets dominated by
dietary staple carbohydrate sources, which have low micronutri-
ent density and poor micronutrient bioavailability. Zinc (Zn) and
iron (Fe) are the most frequently lacking mineral micronutrients
in human diets, whereas other essential minerals such as Calcium
(Ca), Copper (Cu), and Magnesium (Mg) can be deficient in some
populations’ diets as well (White and Broadley, 2005). Focusing
on African countries, the risk of insufficient Mg uptake is rela-
tively low (<4%), as major cereals like sorghum [Sorghum bicolor (L.)
Moench], pearl millet [Pennisetum glaucum (L.) R. Br.], and maize
(Zea mays L.) provide adequate amounts of Mg (Joy et al., 2012).
Biofortification is the process of increasing the nutrient densi-
ties by breeding or genetic engineering. Biofortification of staple
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crops can be a sustainable and cost-effective approach to
combating malnutrition (Bouis, 1999; Meenakshi et al.,
2010), especially of rural populations in remote, low-rain-
fall areas, with limited access to diverse diets, commercially
fortified foods, or supplements (Saltzman et al., 2013).

Pearl millet, the most heat-tolerant and one of the
most drought- and salinity-tolerant cultivated cereals, is a
major food crop for smallholder subsistence farmers living
on marginal agricultural lands in the semiarid tropics of
Africa and Asia (Haussmann et al.,, 2012). Pear] millet
grain has a relatively well-balanced amino acid compo-
sition suitable for human nutrition and higher grain fat,
protein, and micronutrient densities than other major
cereals like wheat (Triticum aestivum L.), maize, or polished
rice (Oryza sativa L.) (Goswami et al., 1969; Sawaya et al.,
1984; Khairwal et al., 1999; Dwivedi et al., 2012; Bashir
et al., 2013). However, diets predominated by pearl millet
are often not high enough in mineral micronutrient den-
sity to meet daily minimum requirements. The develop-
ment of pear] millet varieties with improved grain mineral
nutrient densities can be one step to improve the nutrient
intake of rural families, especially in the Sahel region of
sub-Saharan Africa where pearl millet can contribute 80
to 85% of daily calorie intake. Pear]l millet biofortification,
targeting increased grain Fe densities, has already been
successful in India, where a biofortified, open-pollinated
variety (OPV) was released in 2012 (Saltzman et al., 2013).
Recently published studies report clear increases in Fe
and Zn absorption when biofortified pearl millet grain of
Indian origin is consumed by young women or children
(Cercamondi et al., 2013; Kodkany et al., 2013). Bioforti-
fied pearl millet grain, fed as the major staple to children
younger than 3 yr, can even exceed their physiological
requirements for Fe and Zn (Kodkany et al., 2013).

The success of the pear]l millet biofortification program
in India suggests that a comparable breeding program could
be successtul in WCA—particularly as the best reported
sources of high levels of grain Fe and Zn in pear]l millet
(Velu et al., 2007, 2008, 2011; Govindaraj et al., 2009, 2011,
2013; Gupta et al., 2009; Kumar, 2011; Rai et al., 2012) are
all derived from large-grained Iniadi landrace germplasm
from Benin, Ghana, and Togo that has contributed so much
to Indian pearl millet breeding successes over the past 50 yr
(Andrews and Anand Kumar, 1996). Indeed, the bioforti-
fied pearl millet OPV recently released in India is derived
directly (by two cycles of selection, the first leading to
release of improved OPV ‘ICTP 8203’ [= MP 124] in India
in 1988, and the second producing a higher-Fe version of
this variety, ‘ICTP 8203-Fe’, which was released in the
Indian state of Maharashtra in 2012 as ‘Dhanshakti’) from a
single Iniadi landrace germplasm accession from Togo (Rai
et al., 1990; Saltzman et al., 2013). Genetic variation of
grain micronutrient densities in adapted genetic materials
is the basic requirement for such biofortification breeding

programs and thus should be assessed beforechand. Previ-
ous studies on pearl millet with regard to biofortification
focused mostly on Zn and Fe, as these mineral micronu-
trients are deficient in diets of most human populations.
Research on other essential minerals is limited in pearl
millet but necessary to evaluate the potential impact of Fe
and Zn biofortification on other minerals.

Pearl-millet-based dishes consumed in West Africa are
traditionally prepared from decorticated grains, whereas
nearly all pearl-millet-based dishes consumed in India
are traditionally prepared from whole-grain flour. The
decortification process is known to reduce mineral densi-
ties, and it is therefore relevant to analyze the relationship
between whole and decorticated grain mineral densities.

The objectives of our study were to (1) determine the
genetic variation and stability of eight grain mineral densi-
ties in 72 genotypes of pear]l millet from WCA grown in
three contrasting environments in Niger; (ii) estimate the
genotype, environmental, and genotype-by-environment
(G X E) interaction effects as well as the heritabilities of
grain mineral densities; (i) assess the extent of grain min-
eral reduction by decortication; (iv) assess the accuracy of
whole grain analysis to estimate mineral densities of decor-
ticated grains; (v) assess relationships among minerals and
between minerals and agronomic traits; and (vi) describe
patterns of geographical distribution of pearl millet grain
Fe and Zn levels among landraces of WCA origin.

MATERIALS AND METHODS
Plant Material and Field Trials

The plant material consisted of 72 pearl millet genotypes
(69 landraces and 3 improved OPVs, viz. ICMV-IS 89305,
SOSAT-CS88, and Zatib) of early-to-medium maturity, origi-
nating from a wide geographic area across WCA. In 2007, the
72 genotypes were grown in three environments in Niger,
defined by their site X soil fertilization combination. Two test
environments differing in soil fertilization were established at
the ICRISAT research station at Sadoré. One environment
received a moderate amount of fertilizer (100 kg ha™ of NPK
[15-15—15] broadcast before sowing, top-dressed with 50 kg
ha™ urea) and is therefore referred to as “Sadoré-mod.” The
other environment, “Sadoré-low,” was not fertilized and can
be considered as a typical on-farm condition in the target
region. The third environment was at the INRAN research
station at Maradi, where relatively high amounts of fertilizer
were applied (100 kg ha™ of super simple phosphate broadcast
before sowing, microdosing with 115 kg ha™ NPK [15-15—
15] at sowing and 50 kg ha™ urea top-dressing), and thus is
referred to as “Maradi-high.” In each environment, the trial
was laid out in an o design with two replications, nine incom-
plete blocks per replicate, and eight plots per incomplete block.
Each plot had two rows of 4.8-m length and 0.75-m inter-row
distance, and alleys were 1.2-m wide. Within rows, hills with
two plants each were grown at 0.8-m intervals, so each plot
consisted of 14 hills occupying 9 m? and grown at a density of
15,556 hills ha™. Results for the following agromorphological
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traits are presented here: flowering time (Julian days until 50%
of the main stems in a plot show female stigmas), grain yield
(g m™), and thousand-kernel weight (g).

Micronutrient Analysis

Open-pollinated grain samples of each replication were ana-
lyzed for grain mineral nutrient densities using whole grains
(all 72 genotypes) and decorticated grains (a subset of 24 gen-
otypes). For the decortication process, samples of 30 g dried
grain were rinsed with distilled water to remove any dust and
then dried again in the oven. Samples were then decorticated
by hand using a small manual ceramic mortar, which was also
cleaned after each sample.

All grain samples were dried to constant weight at 60°C.
After grinding in a titanium-coated mill (SuperMill 1500,
Newport Scientific Europe Ltd.), subsamples of the plant mate-
rials were digested in an open-vessel system using 70-mL HD
polyethylene vials (Capitol Vial) and a graphite-heating block
(Mod Block, CPI International) as described in detail by Husted
et al. (2004). In brief, the plant material was first digested for
15 min in 35% HNO, at 95°C. After cooling, additional 70%
HNO, was added together with H,O,. During digestion, the
vials were covered with HD-PE watch glasses. Samples were
cooled overnight and diluted to 50 mL with ultra-pure water.
After appropriate dilution, the samples were analyzed by ICP—
MS (Agilent 7500¢, Agilent Technologies) for the following
elements: Ca, Cu, Fe, K, Mg, Mn, P, Zn, and Al. To check for
Fe contamination through soil dust, Al concentration was taken
as an indicator (Pfeiffer and McClafferty, 2007). As Al con-
centrations were relatively low and not correlated with Fe, we
could assume that there was no soil contamination. Measured
Ca concentrations for whole grain samples from Maradi did not
appear to be reliable owing to very high variation, thus they
were excluded from further analysis.

Statistical Analysis

Data were analyzed by a one-step approach using mixed models.
The following mixed model was applied to estimate the vari-
ance components of whole grain micronutrient densities:

Y,jk[m M + & + ej + ge,:,‘ + r,k + bﬂel + 8jlelm
were y.. . represents the observed phenotype on plot basis; p

ijklm
the overall experiment mean; g, the genetic effect of genotype i,
¢, the effect of environment j, g the interaction between geno-
type i and environment j, T the effect of replication k nested
in environment j, bﬂd the effect of incomplete block / nested in
replication k and environment j, and € i the residual effect of

the plot m nested in block [, replication k and environment j.

For calculation of adjusted entry means, genetic effects were
treated as fixed, and all the other factors as random. For estima-
tion of variance components, only the environmental effect was
treated as fixed and all other effects were treated as random. In
case of decorticated grain mineral nutrient density analysis of
the subset of 24 genotypes, the incomplete block effect b/.k, was
excluded from the mixed model.

To illustrate the extent of mineral variability at each envi-
ronment, boxplots were used, and to determine the differences

between environments for each mineral, pairwise comparison
was done using f tests with Bonferroni corrections.

Broad-sense heritability (k%) was estimated for each trait
-1

2 2

g . o o
individually across environments as h* = o> X|0” +—+—=| |

& & E ER

while plot-based repeatabilities for each environment were
-1
2
o . . .
calculated as w = ¢” x [02 + E] , with o> being the genotypic
&£ & R &

variance, oiﬂ the G X E variance, and og the residual error
variance for R replicates and E environments.

The relationships among grain mineral densities and
between mineral densities and agronomic traits were first
examined for each environment separately using Pearson’s cor-
relation coeflicients—based entry means of the 72 genotypes
(Supplemental Table S2). Afterward, the correlation mean
across the three environments was determined. Correlations
were considered as significant or highly significant, when the
significance level of p < 0.05 or p < 0.01 was reached for all
three locations, respectively. Correlations between whole grain
and decorticated grain mineral density were calculated on the
basis of plot values of the 24-genotype subset. A paired f test
was used to determine the significance of differences between
the whole and decorticated grain mineral densities.

All calculations were performed within the R-environment
v. 2.14.2 (R Development Core Team, 2012). Mixed model anal-
yses were performed using the package ASReml v. 3.0 for the
R-environment (Butler et al., 2009). AMMI plots were done
using the R-package “agricolae” v. 1.1-3 (De Mendiburu, 2012).

RESULTS

Means and Ranges

Moderate variations among the genotypes studied were
found for whole grain Mg, P, K, and Mn densities
(between 1.2- and 1.5-fold) (Table 1). Calcium, Fe, Cu,
and Zn densities showed greater variation among geno-
types (between 2.0- and 2.2-fold).

The three improved OPVs, SOSAT-C88, ICMV-IS
89305, and Zatib, showed grain Fe densities of 32.7 mg
kg, 28.2 mg kg™, and 30.7 mg kg™!, and grain Zn den-
sities of 32.3 mg kg™', 31.4 mg kg™', and 30.5 mg kg™,
respectively (Supplemental Table S1). Those values are
moderately lower than the overall trial means, which were
38.0 mg kg™! for Fe and 34.9 mg kg™! for Zn.

For all nutrients, decortication caused a highly sig-
nificant (p < 0.001) reduction in nutrient density, with
average reductions between 7.0 (K) and 48.9% (Ca). The
variation of decorticated grain mineral densities for each
mineral was similar to that of mineral densities of whole
grains (between 1.2- and 2.3-fold).

The means and variation for whole grain mineral
nutrient density differed partially between the three envi-
ronments (Fig. 1). Grain densities of both Fe and Zn were
lowest at Sadoré-low and highest at Maradi-high. For the
other minerals, the trend of increasing mineral density with
increasing soil fertilization did not apply. For Mg grain
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Table 1. Means (x standard errors) and ranges of whole and decorticated grain mineral densities in 72 and 24 WCA pearl millet
[Pennisetum glaucum (L.) R. Br.] genotypes, respectively, on the basis of adjusted entry means across three field environments
in Niger and corresponding means (+ standard errors) and ranges for reduction of grain mineral densities due to decortication.

Whole grain density Decorticated grain density Density reduction by decortication

Minerals Mean = SE Range Mean = SE Range Mean = SE Range
mg kg™ mg kg™ —— %
Mg 1302 +63 1173-1451 1029 £50 855-1236 19.5 £5.3 5.0-30.7
P 3209 +153 2835-3507 2651 +193 2213-2974 16.6 £5.9 2.6-27.2
K 4173 +429 3687-4637 3745 £158 3180-4526 7.0 £10.6 —-3.4-18.6
Ca 243.7 £211 163.9-347.5 107.7 £15.3 68.4-154.6 489 £5.2 41.6-60.6
Mn 21.9+£3.4 17.7-27.2 13.9 £1.7 11.2-19.2 33.3 £5.6 23.1-42.4
Fe 38.0 £3.8 24.2-48.7 30.0 £5.0 19.4-441 20.5 £7.3 5.7-29.4
Cu 4.6 £0.4 3.1-6.1 3.7 04 2.7-4.3 12.9 +11.8 —14.0-32.1
Zn 34.9 £3.5 19.8-43.4 28.8 +4.5 18.1-36.0 174 £7.5 10.6-26.5
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Figure 1. Box plots for whole grain mineral densities, separately for each testing environment (Sadore-low = Sadore site without fertilizer
application; Sadore-mod = Sadore site with moderate fertilizer application; Maradi-high = Maradi site with high fertilizer application). Dif-
ferent letters within graphs correspond to significant differences between environments (p < 0.05).
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Table 2. Plot-based repeatabilities of whole grain mineral densities and agromorphological traits (TKW, thousand-kernel
weight; GY, grain yield; FLO, flowering time) on the basis of 72 pearl millet [Pennisetum glaucum (L.) R. Br.] genotypes evalu-

ated in three field environments in Niger in 2007.

Environment’ Mg P K Ca Mn Fe Cu Zn TKW GY FLO
Sadoré-low 0.23 0.02 0.69 0.00 0.00 0.28 0.49 0.62 0.74 0.64 0.90
Sadoré-mod 0.53 0.73 0.73 0.80 0.62 0.84 0.55 0.84 0.80 0.59 0.95
Maradi-high 0.45 0.42 0.65 - 0.64 0.83 0.68 0.79 0.72 0.48 0.80

T Sadore-low = Sadore site without fertilizer application; Sadore-mod = Sadore site with moderate fertilizer application; Maradi-high = Maradi site with high fertilizer application.

densities this trend was reversed. Grain P densities were not
significantly different for Sadoré-mod and Maradi-high but
were significantly lower for Sadoré-low. Grain Ca and Cu
densities did not differ at the different locations (Ca densities
were not reliable and therefore not considered for Maradi-
high), whereas the Cu densities varied considerably more at
Sadoré-low than at the other two locations. Grain Mn and
K densities were generally quite variable between locations,
with highest densities at Sadoré-mod.

Except for K, Cu, and Zn, plot-based repeatabili-
ties (Table 2) of grain mineral densities were very low
at Sadoré-low. At the two locations, where fertilizer
was applied, higher repeatabilities were observed, rang-
ing between 0.52 (Mn) and 0.84 (Fe and Zn). Flowering
time, which is generally known to have high repeatability
and therefore was used as a reference trait, showed high
repeatabilities (0.80 to 0.95) in all three environments.

Variance Components and Heritability

Estimates of the genetic variance, O'Zg, were significant
(p < 0.05) for all whole grain mineral densities except for
P (Table 3). In case of decorticated grains, ozg was sig-
nificant for Zn and highly significant for Mg, K, Ca, Mn,
and Fe. The estimated variance component of the G X E
interaction was significant or highly significant for P, Fe,
and Zn for whole grain densities as well as for decorti-
cated grain densities. Grain Ca showed a significant G X
E interaction for decorticated grains, but not for whole
grains. Estimates of h? for the different mineral densities
ranged from 0.06 (P) to 0.70 (Fe) for whole grains and
from 0.22 (P) to 0.81 (K) for decorticated grains.

Stability Analysis

The AMMI plot shows the stability and patterns of G X E
interaction of the 72 genotypes for grain Fe and Zn density
and grain yield over the three environments contrasting in
soil fertilization (Fig. 2). The trait means of the genotypes
are given on the abscissa and the stability of the genotypes
is indicated on the ordinate (principal component [PC] 1)
of the AMMI biplot, for which genotypes with PC1 values
close to zero can be classified as stable. Those performing
proportionally better in the Maradi-high environment
showed positive PC1 values and those performing better
in Sadoré-low showed negative PC1 values. Genotype 67
(‘PE05980’) had, for instance, on average the highest grain

Table 3. Variance components with standard errors (SE) for
genotypes (czg), genotype-by-environmentinteractions (czge),
Wald test indicating significance of environmental effects,
and broad-sense heritabilities h? for whole grain minerals
determined using 72 pearl millet [Pennisetum glaucum (L.)
R. Br.] genotypes, and decorticated grain minerals using a
subset of 24 pearl millet genotypes, evaluated in three field
environments in Niger in 2007.

Wald
Minerals o2, = SE o, = SE test h?
Whole grain density
Mg 965*+533 1577*+781 = 0.35
P 11441513902 175707514 * 0.06
K 35,545+10,5696  36,989**+9833 e 0.60
Ca 468*+171 114"+170 ns 0.64
Mn 1.54*+0.72 1.00"+1.06 = 0.41
Fe 21157+5.31 15.28*+3.70 = 0.70
Cu 0.26"*+0.07 0.18*+0.07 ns 0.62
Zn 8.48"+2.92 15.58*+2.93 * 0.53
Decorticated grain density
Mg 3779*+1932 2640m£1775 ns 0.61
P 5275"+8228 23,5628"+13,185 = 0.22
K 110,753**+40,964 8781"+20,066 ns 0.81
Ca 3724142 1567.21"+£69.02 = 0.79
Mn 2.42*+1.08 0.55m+0.84 = 0.69
Fe 21.93"*+9.80 14.65"+7.24 = 0.68
Cu 0.04"+0.06 0.18*+0.09 ns 0.25
Zn 8.03"+4.28 8.51"+£3.96 * 0.58
* Significant at P < 0.05.
** Significant at P < 0.01.

frs Not significant at P < 0.05.

Fe density but was not stable over environments (PC1 =
1.32). Its high average Fe grain density was caused by
high values observed at Maradi-high (Supplemental Table
S1). Genotypes 4 (PE00012) and 49 (PE05665), showed
high means for grain Fe and Zn densities and were also
relatively stable for both mineral micronutrients (Fig. 2).
Additionally, landrace PE00012 showed a relatively high
mean grain yield (1006 kg ha™!). Another promising land-
race was PE00025 (Genotype 1), as it had very high grain
Zn density and grain yield with reasonable stability.

Correlations among Traits

Correlations among grain minerals, determined as means
of the three environments, were in most cases positive,
and in eight of the cases, significant (p < 0.05 or p < 0.01)
(Table 4). Notably high positive correlations were observed
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Figure 2. AMMI biplots for (A) grain Fe density, (B) Zn density, and
(C) grain yield of 72 pearl millet [Pennisetum glaucum (L.) R. Br]
genotypes evaluated in three environments (Sadore-low = Sadore
site without fertilizer application; Sadore-mod = Sadore site with
moderate fertilizer application; Maradi-high = Maradi site with
high fertilizer application). The environment and genotype means
are shown on the abscissa, with a vertical gray line at the grand
means. Principal component (PC) 1 scores are given on the or-
dinate, with a horizontal gray line at zero. Entry numbers of the
improved open-pollinated variety are marked in green.

between P and Ca (r = 0.79) and Zn and Fe (r = 0.62).
Significant negative correlations among minerals were
not observed, even when each environment was observed
separately (Supplemental Table S2). The range of variation
among the correlation coefficients estimated for the three
environments separately was quite variable for the differ-
ent pairs of minerals. For instance, the correlation range
between Mg and P was relatively low (r = 0.71-0.88),
indicating a low environmental effect on the relationship
of those two minerals.

Estimated correlation coeflicients between grain yield
and the observed minerals were slightly negative, but none
of them was significant (Table 4). The ranges of those cor-
relations were generally high, showing considerable influ-
ence of the environment on the association between grain
yield and minerals (Supplemental Table S2).

Thousand-kernel weight showed a significant increase
with higher grain Mg density (p < 0.01) but did not show
any significant association with other minerals. Whole
and decorticated grain mineral densities were highly
significant (p < 0.001) and positively correlated for each
observed mineral with coefficients ranging from 0.25
(Mg) to 0.84 (Fe) (Table 5).

Geographic Distribution

Latitude and longitude of the pearl millet genotypes’ geo-
graphic origins did not show a significant association with
grain density of any mineral (data not shown). A map show-
ing the origin of the genotypes and their levels of grain
Zn and Fe densities on the basis of adjusted means across
environments (Fig. 3) supports this observation that there
is no trend for grain mineral density with either latitude or
longitude. However, the WCA map indicates some geo-
graphic patterns. For instance, genotypes originating from
southeast Mali seem to have generally higher grain Zn and
Fe concentrations than do genotypes from southwest Mali.

DISCUSSION

Genetic Variation for Grain Mineral Densities

in West and Central African Pearl Millets

A crucial point for the success of any breeding program
is access to sufficient genetic variation for the target trait
within the available germplasm. Our study shows that
for all tested minerals a moderate to high range in grain
density exists among the WCA pearl millet genotypes
assessed. Studies on grain Zn and Fe densities in pearl
millet material grown in India reported ranges of 30 to
80 mg kg™! Fe and 20 to 70 mg kg™! Zn on the basis of
the means of two environments (Velu et al., 2007; Govin-
daraj et al., 2013), which are considerably wider than the
ranges we observed. Another study focusing on the grain
density of several minerals in 225 Sudanese pearl millet
genotypes evaluated in Sudan (Bashir et al., 2013) also
found wider grain density ranges for all eight minerals
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Table 4. Coefficients of phenotypic correlations among grain mineral densities and between grain mineral densities and agro-
nomic traits (TKW, thousand-kernel weight; GY, grain yield; FLO, flowering time). Mean coefficients are based on the correla-
tion coefficients determined at three environments (Sadore-low = Sadore site without fertilizer application; Sadore-mod =
Sadore site with moderate fertilizer application; Maradi-high = Maradi site with high fertilizer application) separately, which
were calculated by the adjusted means of 72 pearl millet [Pennisetum glaucum (L.) R. Br.] genotypes.

Mg P K Ca Mn Fe Cu Zn TKW GY
P 0.79*
K 0.32 0.31
Ca 0.22 -0.02 0.48*
Mn 0.39* 0.3 0.42** 0.38*
Fe 0.22 0.24 0.24* 0.07 0.29
Cu 0.49 0.34 0.31 0.46** 0.26 0.37
Zn 0.33 0.46** -0.04 -0.11 0.18 0.62** 0.27
TKW -0.35™ -0.27 012 0.09 -0.11 0.07 0 -0.18
QY -0.25 -0.13 -0.23 -0.18 -0.17 -0.02 -0.17 -0.05 0.24
FLO 014 -0.09 0.3 0.48* 0.19 0.13 0.47** -0.1 0 -0.34**

* Significant at P < 0.05 at all three locations.
**Significant at P < 0.01 at all three locations.

Table 5. Correlation coefficients (r) between whole and decor-
ticated grain mineral densities.

Minerals r

Mg 0.26***
P 0.40***
K 0.30***
Ca 0.56**
Mn 0.79***
Fe 0.82**
Cu 0.47***
n 0.81**

*** Significant at P < 0.001.

than did the present study. One explanation for this might
be the larger number of genotypes evaluated in the study
by Bashir et al. (2013). Further, it has to be considered that
ranges given by Bashir et al. (2013) refer to entry means
of one location only (irrigated and fertilized), whereas we
refer to entry means of three locations, including one low
soil fertility environment, which had the effect of shrink-
ing the range toward the mean. In general, means of the
eight mineral densities reported by Bashir et al. (2013)
were similar to what has been found in our study.
PE05980, the landrace with the highest Fe density
mean over locations (48.7 mg kg™!), reached an Fe den-
sity of 61.6 mg kg™! at the Maradi-high environment.
This indicates the potential of the variety in high-input
environments, but on the other hand, a certain inferiority
compared with the Indian variety, ICTP 8203-Fe, con-
taining 77 mg kg~! (Saltzman et al., 2013). This underlines
the potential of ICTP 8203-Fe, and other high-Fe pearl
millet breeding materials and experimental lines devel-
oped by breeding programs in other parts of the world
(from Georgia, Kansas, and Nebraska in the United States
to ICRISAT breeding programs in India, Niger, and
Zimbabwe and state, national, and/or regional programs
in Brazil, Eritrea, Ghana, India, Namibia, Sudan, and

Uganda), to be used for introgression of more favorable
alleles into WCA pearl millet breeding populations.

Stability of Grain Micronutrient Densities

in Pearl Millet

Numerous complex factors, such as the genotype, soil,
fertilization rates, and other environmental conditions,
influence grain mineral densities (House, 1999). In our
study, most grain mineral densities were significantly
affected by environmental effects (Table 3).

A trend of increasing grain Zn and Fe density through
fertilization was observed in this study (Fig. 1) and is in
line with other studies on wheat (Shi et al., 2010; Cakmak
etal., 2010; Kutman et al., 2011) and maize (Ciampitti and
Vyn, 2013). However, since a direct comparison of low
versus high input conditions was only done at one location
(Sadoré), a validation of the fertilization effect at different
locations (or years) is needed to derive more sound con-
clusions. Kutman et al. (2011) showed additionally that Zn
and Fe concentrations increased in all fractions of wheat
grains. Those results of Kutman et al. (2011) seem to be
transferable to pearl millet, as we also found an increasing
trend in Fe and Zn densities for whole as well as decor-
ticated grains through fertilization (Fig. 1). On the basis
of the observed trends in our study, which conform with
other reported literature as outlined above, it appears that
improved soil fertility can be an effective tool for agro-
nomic biofortification and will be complementary to bio-
fortification breeding. However, the availability of fer-
tilizer is limited for most small-scale farmers in Sahelian
Africa, and often unaffordable because of the high cost of
surface transportation due to poor roads and inadequate
railroad infrastructure, thus suggesting that agronomic
biofortification could be less feasible than genetic bioforti-
fication, at least in the short term.

The significant G X E interaction effects for grain
Fe and Zn indicate significant differences in responses
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Figure 3. Geographic origin of the 72 pearl millet [Pennisetum glaucum (L.) R. Br)] genotypes (points) and their differentiation in whole
grain (A) Fe and (B) Zn density. Experimental locations are marked as triangles.

of different genotypes to the three testing environments
used in this study. This points to the importance of mul-
tienvironment trials and analysis of G X E interaction
patterns to either identify stable genotypes suitable for a
wide range of environmental conditions, or genotypes
with specific adaptation to a specific type of environment,
for example, low-input or intensified-production condi-
tions. On the basis of the AMMI biplot (Fig. 2), pearl
millet genotypes exhibiting relatively high Fe density, Zn
density, and grain-yield performance that was stable over
environments could be identified. Landraces PE00012
and PE05665 seem especially interesting, as they were also
above average for grain Zn, Fe, and yield at Sadoré-low
(Supplemental Table S1). Further evaluation under on-
farm, low-input conditions could confirm the potential of
these genotypes to perform well on poor soils. Promising
genotypes identified in this study should be used as base

materials in future biofortification breeding programs
for WCA. Introgression of breeding materials developed
elsewhere that are known to be rich in mineral nutrients
should also be exploited to enhance the potential of bio-
tortified pearl millet OPVs and hybrids adapted to Sahe-
lian and/or Sudanian agroecologies in WCA.

Effect of Environmental Conditions

on Selection Efficiency

Targeting Biofortification

The very low repeatabilities of grain mineral densities,
except for Zn, K, and Cu, observed in the Sadoré-low
test environment indicate that grain mineral density dif-
ferences of genotypes were not well distinguished under
our low-input test conditions, which agrees with studies
on grain legumes (Hogh-Jensen et al., 2006). The ability
to detect grain mineral density differences was markedly
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improved under moderate- and high-input conditions
(Sadoré-mod and Maradi-high, respectively), where con-
siderably higher repeatabilities were found for all grain
mineral densities. Direct selection for grain yield under
low soil-phosphorus conditions has been recommended
for sorghum (Leiser et al., 2012). The Sadoré-low selec-
tion environment probably best represents on-farm condi-
tions for poor smallholders in WCA and would therefore
best represent a direct selection environment. However,
reasonable repeatability is a prerequisite for successful
selection. Looking at whole-grain Fe densities, the very
low repeatability in the Sadoré-low environment (0.28)
compared with Sadoré-mod (0.84) and Maradi-high
(0.83) suggests that selection would be more successful
based on moderate- or high-input evaluations. However,
since there was only one low-input environment, a prefer-
able selection strategy cannot be ultimately recommended
on the basis of this study. Further studies are needed to
demonstrate whether repeatabilities for Fe grain densities
are generally low under low-input conditions, across a
wider geographic range of test sites and more diverse array
of crop management conditions. Repeatabilities for min-
eral densities reported by Bashir et al. (2013), which were
obtained from a single well-fertilized trial, were higher
than our study for all grain mineral densities assessed. This
difference might be explained by higher soil fertilities and
greater field uniformity in the Wad Medani irrigated
high-input environment compared with the conditions
for the trials reported here.

Prospects for Biofortification Breeding

in West African Pearl Millet

The significant and ample genetic variation, as well as sut-
ficiently high heritabilities, observed for most whole- and
decorticated-grain mineral densities in this study indicates
the feasibility of biofortification breeding for pearl millet in
Niger (Table 2). Comparing heritabilities of grain Fe and
Zn densities of whole and decorticated grains, which are
most important for biofortification, it appears that heritabil-
ity values for Fe were considerably higher than those for Zn,
which has been found in maize as well (Baxter et al., 2012).
In our study, this is mainly caused by the higher G X E
interaction effects relative to genetic effects for Zn. The G X
E interaction effects for Zn are even higher for whole-grain
than for decorticated-grain density, resulting in higher heri-
tabilities for decorticated grain samples. Previous studies on
pearl millet have shown a significant G X E interaction effect
for whole-grain densities of Fe and Zn as well (Gupta et al.,
2009; Velu et al.,, 2011; Govindaraj et al., 2013), indicating
the general importance of basing biofortification breeding
programs on multiple environment testing.

Effects of Biofortification on Other Traits

Biofortification breeding is usually focused on the most
limited nutrients in human diets such as Zn and Fe, with-
out considering other essential minerals. Therefore it is
crucial to know the interrelationship among target min-
eral grain densities and nontarget but nutritionally valu-
able minerals. In this study, no significant negative corre-
lation has been observed between mineral grain densities,
indicating that selection for target mineral grain densities
would not reduce the grain density of most other miner-
als. This is in line with studies on pearl millet (Bashir et
al., 2013) and other crops such as rice (Garcia-Oliveira et
al., 2009) and spelt wheat (Gomez-Becerra et al., 2010).

Our results showed that in particular, Zn and Fe grain
densities had a strong positive correlation (r = 0.73), showing
that simultaneous selection for high Zn and Fe densities could
be very efficient. This high correlation between Zn and Fe has
already been reported in pear]l millet (Velu et al., 2007; Govin-
daraj et al., 2009; Bashir et al., 2013), wheat (Gomez-Becerra
et al., 2010; Velu et al., 2012) and pigeonpea [Cajanus cajan
(L) Millsp.] (Hogh-Jensen et al., 2006). Positive associations
among grain mineral densities indicate that some physiological
functions responsible for nutrient uptake and translocation are
interconnected or do not discriminate Fe and Zn, and other
minerals. The often wide ranges of pairwise mineral corre-
lations determined across the different environments showed
a considerable impact of the soil conditions on the minerals
composition (Supplemental Table S2).

Yield of economic products is generally the most
important trait in plant breeding, thus the relationship of
grain yield to mineral grain density is of great interest.
This study showed that grain yield was not significantly
associated with mineral density (Table 4). This is in line
with the results obtained by Govindaraj et al. (2009) and
Gupta et al. (2009), who studied correlations between
agromorphological traits and mineral densities.

The high range of the correlations determined
between mineral densities and grain yield across the indi-
vidual environments showed that these correlations are
considerably affected by environmental effects. Looking at
Maradi-high separately (Supplemental Table S2) revealed
significant negative correlations between minerals and
grain yield in a high-input environment. These nega-
tive correlations might be explained by a dilution effect,
which occurs if the extent of grain endosperm increase is
higher than the increase of mineral rich bran and embryo.

In the high-input environment, it appears that grain
yield and mineral micronutrient density variation is
largely a tunction of flowering time, where long dura-
tion varieties having lower grain yields but higher grain
mineral micronutrient densities (Supplemental Table S2).
This might be because a longer growing period enables a
longer period of mineral accumulation.
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The Specific Role of Phytate

The bioavailability of minerals is known to be inhibited by
the antinutrient phytate (Nolan et al., 1987), which is the
major form of P in grain. A previous study on micronu-
trient availability of staple foods suggests that one should
focus on low phytate:mineral molar ratio rather than the
total mineral content (Pachén et al., 2009). Highly signifi-
cant positive correlations between total grain P and grain
phytate have been found in pearl millet (Govindaraj et al.,
2009), rice (Stangoulis et al., 2006), and sorghum (Rat-
tunde, personal communication, 28 Nov. 2012), demon-
strating the potential of P as a phytate indicator. Using P
to predict phytate for biofortification programs would be
very expedient as P is by far less costly to analyze than phy-
tate. Further, screening for moderate levels of free phos-
phate (inorganic P) combined with total P grain density
should permit relatively low-cost identification of moder-
ate-phytate genotypes having acceptable grain yield per-
formance combined with better bioavailability for grain
Fe and Zn (Raboy, 2001; Guttieri et al., 2004; Bowen et
al., 2007), better bioavailability of total dietary Fe and Zn
(Raboy, 2001; Sequiera et al., 2001; Guttieri et al., 2004),
better efficiency of P fertilizer use (Parentoni et al., 2008),
and reduced potential for P contamination of surface water
by livestock waste produced when grain is fed to mono-
gastric livestock (Eeckhout and De Paepe, 1994; Raboy,
2001; Parentoni et al., 2008). Our results demonstrate that
selection for high Fe grain density and moderate to low
phytate concentration in pearl millet would not be con-
flicting, as there was no significant association between Fe
and P across environments (Table 4). This is in line with
the results given by Govindaraj et al. (2009), who found
no correlation between Fe and P. However, if we focus on
Maradi-high, a significant positive correlation between P
and Fe density was found, indicating smaller selection gain
for a low phytate:mineral molar ratio if selection is done
under high-input conditions (Supplemental Table S2). In
the case of Zn, our results are distinct from those given
by Govindaraj et al. (2009), who found no correlation
between Zn and P. The positive correlation between Zn
and P (r = 0.46) found in our study indicates there may be
some limitations regarding biofortification breeding. The
recent study by Bashir et al. (2013) supports our observa-
tion of higher correlations between Zn and P grain densi-
ties than between those of Fe and P in pearl millet.

Geographic Distribution of Nutritious Pearl
Millet Germplasm in West Africa

The geographic patterns of grain Fe and Zn densities
among pearl millet genotypes of West African origin that
were included in this study suggest that pear]l millet geno-
types from regions such as southeastern Mali or northern
Cameroon have on average higher Zn and Fe densities
than those from other regions (Fig. 3). This information

will be valuable in future projects, aiming to exploit
global collections of pearl millet germplasm to improve
grain mineral micronutrient density. Focusing screening
efforts on genotypes originating from regions with gener-
ally high Fe and Zn densities should be quite efficient as a
protocol to find nutritionally valuable genotypes. Results
of Bashir et al. (2013), who studied the geographic dis-
tribution within Sudan of pearl millet genotypes rich in
mineral nutrients, are similar to those reported here as
they did not find associations between mineral densities
and longitude or latitude but did detect regions with rela-
tively higher frequencies of mineral-rich genotypes.

CONCLUSIONS

The potential for Fe and Zn biofortification breeding pro-
grams using WCA pear]l millet germplasm appears to be
very promising. Even if the Fe level achieved to date in
the pearl millet biofortification breeding program based in
India seems not feasible in the short term because of the
moderate variation detected within the genetic materials
used in this study, selection to combine biofortification
traits with good agronomic performance (and the necessary
suite of abiotic stress tolerances, biotic stress resistances, and
organoleptic traits demanded by pearl millet consumers)
should be rewarding. To achieve biofortification targets of
higher Zn and Fe densities than what can be expected on
the basis of the materials evaluated in this study, screening
of additional landraces and improved varieties and hybrid
parents from around the world, and introgression of favor-
able alleles from the high-nutrient pearl millet genetic
resources identified in India, will be needed.

Appropriate testing conditions that reflect farmers’ con-
ditions will be a crucial factor for biofortification breeding
programs for pearl millet in WCA, as there is, on the one
hand, a relatively high G X E interaction effect for grain
Fe and Zn densities and, on the other hand, relatively low
repeatabilities for grain mineral micronutrient concentra-
tions under low-input conditions, which represent current
target conditions. The lack of associations between grain
yield and grain Fe and Zn densities, combined with favor-
able associations between grain Fe and Zn densities, should
permit efficient breeding for nutritious and high-yielding
pearl millet varieties (including hybrids as well as open-pol-
linated synthetics and composites), with potential to help
reduce micronutrient malnutrition among WCA popula-
tions dependent on this miraculously variable, stress-toler-
ant, climate-change-ready cereal of the dry tropics.
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