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ABSTRACT: Pearl millet (Pennisetum glaucum (L.) R. Br.) is a quick growing summer cereal crop which forms the staple food
in arid and semi arid regions of Indian subcontinent and Africa. It is the fourth important staple food in India after rice, wheat
and maize, and is nutritionally superior to the major cereals. Micronutrient malnutrition (Hidden hunger) especially for iron
and zinc is a big threat to the world. Since, pearl millet possesses huge amount of variability for nutritional traits like grain iron
and zinc than other cereals, efforts were initiated to biofortify this crop for increased levels of grain iron and zinc. Breeding
programme aiming at developing pearl millet lines with high iron and zinc content was taken up at IARI, New Delhi. In the
present study, promising pearl millet lines with high iron and zinc content were investigated for the stability over location.
Twelve promising lines with high iron and zinc content were tested for stability in iron and zinc content over 8 locations
representing different pearl millet growing zones of the country. It was observed that the pearl millet genotypes PPMI 903,
PPMI 904 and PPMI 906 showed better mean performance for iron and zinc content with moderate stability across locations in
the AMMI analysis.
Keywords: AMMI analysis, Fe and Zn, GE interaction, Pearl millet

INTRODUCTION

‘Hidden hunger’, is a term more often used to describe
malnutrition due to micronutrient deficiencies in
staple food diet caused due to non/poor availability
of minerals in diet. Malnutrition hinders the
development of human potential and the nation’s
social and economic development especially women
and pre-school children [1]. Globally about 11% of
all deaths under the age of five are attributable to
micronutrient deficiencies [2]. Fe and Zn deficiency
are the two most widespread nutritional disorders. It
is estimated that two billion of the world’s population
are Fe deficient, with consequent diminished work
performance, impaired body temperature regulation,
impaired psychomotor development and intellectual
performance, detrimental behavioral changes (e.g.
significantly decreased responsiveness and activity,
and increased body tension and fearfulness),
decreased resistance to infection and increased
susceptibility to Pb poisoning [3]. Women and

children are particularly at risk of Fe deficiency
because of their elevated requirements for child-
bearing and growth respectively. An estimated 58%
of the pregnant women in developing countries are
anaemic, and their infants are more likely to be born
with a low birth weight [4]. Zn deficiency, thought to
be widespread, can expresses it’s symptom as
hypogonadism, dwarfism, heptosplenomegaly,
anaemia and geophagia and mortality during
childhood if it is prolonged [5]. Furthermore, Zn
deficiency in man has been linked to Vitamin A
underutilization. Even in the developed countries,
micronutrient deficiencies affect a significant number
of the population. Taken together, micronutrient
deficiencies affect a far greater number of the world’
population than protein-energy malnutrition [6].

Pearl millet (Pennisetum glaucum) is one of the
staple cereal food and fodder crop for 90 million
resource poor people, grown especially in arid and
semi-arid regions of Asia and Sub-Saharan Africa
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covering an area of more than 29 m.ha where
micronutrient deficiencies are particularly
concentrated [7]. Prevalence of iron deficiency
anaemia (IDA) is still wide spread among 34% of
adolescent girls of Bikaner, Rajasthan and Gujarat
where millet as their major food crop [8]. Human
nutritionists have focused on supplementation,
fortification and dietary diversification to address
micronutrient deficiencies [9]. Fortified food and food
supplements do not reach all those affected in the
developing countries because of weak market
infrastructure and also because these products have
high recurring costs. Biofortification approach
involves enchancing the levels of specific, limiting
micronutrients in edible tissues of crops by combining
crop management, breeding, and genetic approaches
[10]. Micronutrient-enriched or biofortified pearl
millet would not only serve as the logical vehicle for
providing Fe and Zn in the diets of the people but
also shall be a cost-effective and sustainable approach
to alleviate micronutrient deficiencies.

Development of micronutrient-enriched
genotypes would produce more micronutrient yield
in a micronutrient-deficient soil than by a
micronutrient inefficient variety. Hence assessment
of the stability of genotypes under different
environment with respect to target traits is important
for effective utilization of such genotypes in breeding
strategies. In India, pearl millet is grown under varied
edaphic and environmental conditions and they are
known to exhibit high degree of genotype and
environmental interactions. Generally, Indian soils are
reported to have deficiency of about 1 to 35% and 12
to 87% Fe and Zn respectively [11]. An understanding
of the causes of genotype x environment interaction
can help in identifying traits and environments for
better genotype evaluation and those lines suitable
for cultivation or further improvement through
breeding. Genotypes that show low G x E interaction
have high stable grain micronutrient yields and are
desirable for plant breeders and farmers, as it shows
the lesser effect of environment on the performance
of genotypes and their yields are largely due to their
genetic composition. Therefore, evaluation of newly
developed pearl millet genotypes for high yield and
stability in grain micronutrient content over a wide
range of environments will remain an important
criterion in pearl millet breeding [12].

There are several models like ANOVA (analysis
of variance), PCA (principal component analysis) and
linear regression (LR) which can be used to estimate
the stability of genotypes, each having its own

advantage and disadvantages. The main lacuna of
above methods was it ignores the interaction
component as noise and it will consider with the
residuals. AMMI analysis provides a graphical
representation (biplot) to summarise information on
the main effects and interaction of the both genotypes
and environment simultaneously. AMMI model is a
hybrid model which involves both additive and
multiplicative component of the two way data
structure. The AMMI model separates the additive
variance from the multiplicative variance and then
applies principal component analysis (PCA) to the
interaction portion to extract a new set of coordinate
axes which explain more the interaction component
through least square principle [13]. The utility of
AMMI in stability analysis was well established by
Zobel [14] and Crossa [15] in maize using
multilocation trial data.

The present study attempts to analyse the stability
of newly developed inbred lines, derived from a RIL
population for mapping high grain iron and zinc
content across pearl millet growing regions of India
using AMMI model.

MATERIALS AND METHODS

Experimental Material

The experimental material for the present study
comprises of 12 elite genotypes, among which 9
genotypes (PPMI 901, PPMI 902, PPMI 903, PPMI 904,
PPMI 905, PPMI 906, PPMI 907, PPMI 908and PPMI
909) were selections from a RIL mapping population
(PPMI 683 X PPMI 627) for mapping grain iron and
zinc content; selected based on their superior
agronomic performances and two genotypes (841B
and D 23) developed at IARI, New Delhi and a check
variety (ICTP 8302 Fe) developed at ICRISAT, India
centre. These genotypes were analysed for grain Fe
and Zn concentrations over 8 diverse environments
during kharif, 2014 (rainy) season.

Field Trials

The test environments were chosen to represent
environments typically rainfed regions, were pearl
millet is grown as primary staple food crop during
kharif season. The location details, climatic patterns
and soil types were presented in Table 1. Soil Fe and
Zn concentration at the experimental sites was
estimated using standard procedures. The entries
were planted in Randomized Complete Block Design
(RCBD) with three replications per entry (4 rows per
replication) with plant to plant spacing of 15cm and
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row to row spacing of 75 cm. Five random plants from
each plot were handled following the procedure
suggested by Harvest Plus [16].

Grain Micronutrient Analysis

The grain samples collected from the open pollinated
panicles harvested at physiological maturity were
threshed manually using wooden mallot were
analyzed at ICRISAT using an energy-dispersive X-
ray fluorescence Spectrometry (EDXRF) method that
had been standardized at the Flinders University,
Australia.[17]

Statistical Analysis

In multi-environmental trials, two most commonly
used statistical methods are additive main effect and
multiplicative (AMMI) interaction model proposed
and used by Gauch [18] and Zobel [14] and the AMMI
model is:

Yij=µ+gi+ej+�hk�ik+�jk+Rij,
Where Yij is the grain yield of the i-th genotype

in the j-th environment, µ is the grand mean, gi and
ej are the genotype and environment deviation from
the grand mean, respectively, hk is the eigenvalue of
the PCA axis k, �ik and �jk are the genotype and
environment principal component scores for axis k,
N is the number of principal components retained
in the model, and Rij is the residual term. The
interaction, GEI sum of squares was sub divided into
PCA axes, where axes k is regarded as having t+s -
1-2k degrees of freedom and t and s are the no: of
genotypes and environment respectively. The data
were analysed using Indostat v.9.2 statistical
package, a software developed by Indostat Services,
Hyderabad, India.

RESULTS AND DISCUSSIONS

The mean data of grain Fe and Zn and grain yield for
12 pearl millet genotypes evaluated in 8 locations
were given in Table 2. The means of the genotypes
and the environments along with the first principal
components scores corresponding the genotypes and
the environments are also presented. The ranges for
grain Fe content were 35.33- 98.17 ppm (mean 55.42
ppm). The genotype PPMI 904 topped 5 times over
eight locations in having higher mean Fe content. The
range for grain Zn content was 39.62-80.67 ppm (mean
54.33 ppm). The genotype PPMI 904 topped 6 times
over eight locations. Similarly for grain yield, the
range was 1158- 2066 Kg/ha with mean yield of 1332
Kg/ha. The genotype ICTP 8203Fe topped 6 times
over eight locations for mean grain yield. The
environmental index for Fe and Zn in grain and
corresponding yield varied from location to location
(data not presented). But there exists a strong
correlation between grain Fe and Zn content over each
location with overall correlation, r=0.74 (p<0.01),
suggesting that the genes and pathways responsible
for accumulation of grain Fe and Zn concentrations
could be quite same, and genetic improvement for
these two traits could be undertaken simultaneously.
Thinh [19], Velu et al. [20] and Kanatti et al. [7] found
significant and positive association between the grain
Fe and Zn concentrations in pearl millet.

AMMI Analysis

Pooled ANOVA was carried out after analysing the
homogeneity of error variance using Bartlett’s test and
the grain iron and zinc content and grain yield is
presented in Table 3. There were significant
differences (p<0.01) among the genotypes,

Table 1
Geographical location, climatic and edaphic factors present for each location is given

Locations Dharwad New Delhi Tabiji Karnal Shikopur Ludhiana Jodhpur Pune

Geographical Identity
Latitude 15°212 N 28°382 N 26°222 N 29°752 N 28°372 N 30°562 N 26°252 N 18°552 N
Longitude 75°052 E 77°802 E 74°352 E 76°982 E 76°982 E 75°482 E 72°992 E 73°802 E
Altitude 750 m 219 m 444 m 254 m 255 m 247 m 233 m 571 m
Climatic Factors
Temp (Max.) 30.7°C 33.8°C 32.6°C 35.1°C 33.4°C 34.7°C 34.4°C 29.8°C
Temp (Min.) 18.7°C 25.0°C 24.0°C 24.8°C 25.0°C 25.6°C 25.0°C 21.2°C
RH (%) 68.6 69.1 64.7 68.5 71.3 73.6 77.7 74.6
Rainfall (mm) 761 482 536 491 400 440 389 623.6
Soil Factors
Soil PH 7.3 7.8 8.03 7.5 8.4 7.8 8.2 7.9
Texture clay loam Sandy Sandy Sandy Sandy Sandy Sandy Sandy

Loam Loam Loam Loam Loam Loam loam
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environments and G × E interactions (GEI). Significant
G × E interactions explained 14.53%, 32.51% and
14.16% of total sum of squares for grain Fe, Zn content
and grain yield respectively, which shows that
although both the micronutrients are influenced by
environments in which grain Zn is relatively more
sensitive to environmental fluctuations than grain Fe.
Genotypic contribution towards total sum of squares
was 70.75 and 52.17% for Fe and Zn content and
30.02% for grain yield. Significant genotypic
differences suggested that genes necessary for
micronutrient enrichment along with yield traits are
available within the pearl millet genome that could
allow for substantial increases in grain Fe and Zn
content by recombination and directional selection.
However, the ranges and means of seed Fe and Zn
concentration varied widely at different locations due
to the differences attributable to genotypes,
environments as well as G × E interactions.

The GEI which was highly significant was further
partitioned into six PCA axes. In the AMMI analysis
employing Gollob’s test, first two PC explained
77.14%, 85.31% and 77.95% of the total G × E variation
for grain Fe, Zn contents and grain yield respectively.
The graphical method was employed by using two
PCs to investigate environmental variation and
interpret the G × E interaction for Fe (Fig. 1a), Zn (Fig.
2a) and grain yield (Fig.3a). Also, the AMMI biplot
analysis between the mean and the first PCA of G x E
interactions (Figs. 1b, 2b & 3b) indicated the distinct
behaviour of the environment. The graphical
representation of AMMI I analysis reveals the main
effect (character means) on the abscissa and IPCA-1
scores of genotypes as well as the environments
simultaneously on the ordinate. The genotypes fall
close to the X-axis (zero value of the first PCA of G x
E interaction) were the most stable genotypes across
environments for that particular trait and when the
genotype and environment have same sign on the
PCA axis, then their interaction is positive, if different
then interaction is negative.

The pearl millet genotypes closer to the origin of
biplot were stable across the eight test locations. For
grain Fe content, the genotypes PPMI 901, PPMI 902
and PPMI 907 were high and widely adapted for eight
locations. Even though slightly unstable for grain Fe
concentration, the genotype PPMI 904, PPMI 903 and
PPMI 906 were high in mean Fe concentration but
slightly deviated from the origin of biplot were
identified as specifically adapted to favourable
environments. Favourable locations for a particular
genotypes means are those with high mean and high

PCA 1 score with same sign for both the genotype
and location indicating positive interaction. For
instance Delhi, Karnal, Jodhpur and Shikopur were
found favourable environment for PPMI 904, PPMI
903 and PPMI 906 (Fig. 1b). Among which, genotype
PPMI 909 found to be more unstable among
genotypes investigated, displayed more deviation
from the origin of biplot.

Genotypes D 23, PPMI 908 and 841B were highly
stable for grain Zn content and are generally adapted
for eight locations. From Fig. 2a, it is clear that the
genotypes PPMI 904, PPMI 903 and PPMI 906 are
significantly superior to others in mean value and
simultaneously had moderate G x E interaction due
to being closer to X axis. The genotypes PPMI 903 and
PPMI 906 responded well in locations IARI, New
Delhi and KVK Shikopur (Fig.2b).

Genotypes 841B, PPMI 903 and PPMI 902 are
found to be more stable genotypes in terms of grain
yield across eight test locations. From Fig. 3a ICTP
8203 Fe found to have higher mean yield, but deviated
significantly from the origin of biplot, which was
found responding well in Dharwad, Delhi and Pune
(Fig. 3b).

CONCLUSION

The study was aimed at selection of superior, stable
genotype for grain micronutrient and yield as donor
for trait introgression. PPMI 904, PPMI 903 and PPMI
906 were found to have high mean grain iron and zinc
content with moderate stability. Hence these
genotypes can be employed for further biofortification
programme in pearl millet.

Figure 1a: AMMI (additive main effects and multiplicative
interactions model) plots for grain Fe content between mean

and first PC
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Figure 1b: AMMI (additive main effects and multiplicative
interactions model) plots for grain Fe content between first

two PCs

Figure 2a: AMMI (additive main effects and multiplicative
interactions model) plots for grain Zn content between

mean and first PC

Figure 2b: AMMI (additive main effects and multiplicative
interactions model) plots for grain Zn content between first

two PCs

Figure 3a: AMMI (additive main effects and multiplicative
interactions model) plots for grain yield /ha between mean

and first PC
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Figure 3b: AMMI (additive main effects and multiplicative
interactions model) plots for grain yield/ha content between

first two PCs
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