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Introduction: Pearl millet is a staple cereal grown in the harshest environments
of arid and semi-arid regions of Asia and sub-Saharan Africa. It is the primary
source of calories for millions of people in these regions because it has better
adaptation to harsh environmental conditions and better nutritional traits than
many other cereals. By screening the pearl millet inbred germplasm association
panel (PMiGAP), we earlier reported the best genotypes with the highest
concentration of slowly digestible and resistant starch in their grains.

Methods: In the current study, we tested these 20 top-performing pearl millet
hybrids, identified based on starch data, in a randomised block design with three
replications at five locations in West Africa, viz. Sadore and Konni (Niger), Bambey
(Senegal), Kano (Nigeria), and Bawku (Ghana). Phenotypic variability was assessed
for agronomic traits and mineral traits (Fe and Zn).

Results and discussion: Analysis of variance demonstrated significant genotypic,
environmental, and GEl effects among five testing environments for agronomic traits
(days to 50% flowering, panicle length, and grain yield), starch traits (rapidly digestible
starch, slowly digestible starch, resistant starch, and total starch), and mineral trait
(iron and zinc). Starch traits, such as rapidly digestible starch (RDS) and slowly
digestible starch (SDS), showed nonsignificant genotypic and environmental
interactions but high heritability, indicating the lower environmental influence on
these traits in the genotype X testing environments. Genotype stability and mean
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performance across all the traits were estimated by calculating the multi-trait stability
index (MTSI), which showed that genotypes G3 (ICMX207070), G8 (ICMX207160),
and G13 (ICMX207184) were the best performing and most stable among the five

test environments.

KEYWORDS

pearl millet, total starch, rapidly digestible starch, slowly digestible starch, resistant
starch, genotype x environment interaction, iron, zinc

1 Introduction

Pearl millet (Pennisetum glaucum L.) is an important cereal
crop in Asia and Africa’s arid and semi-arid tropical regions. It is
highly resilient to drought and heat and can be cultivated in low-
fertility soils, which cause frequent failures of crop production of
other cereals (Gupta et al., 2015; Yadav et al., 2015). It is grown on
over 30 million hectares, with more than 30.08 million metric
tonnes of grain production worldwide (Raheem et al, 2021). It
provides the primary source of calories for millions of people in
semi-arid tropical areas of Africa and India because of its better
adaptation to harsh environmental conditions (Yadav et al., 2002;
Bidinger and Hash, 2004; Govindaraj et al., 2010). Approximately
40% of the world’s pearl millet is grown in Africa; about 85% is in
West Africa. Africa’s major pearl-millet-producing countries
include Nigeria (5 M ha), Niger (7 M ha), Burkina Faso (1.5 M
ha), Chad (3.0 M ha), Mali (1.5 M ha), and Senegal (1.0 M ha).

Apart from superior adaptation, pear]l millet also possesses a
range of health-benefiting traits, such as high grain iron (Fe) and
zinc (Zn) content along with starch components that are helpful to
type 2 diabetics (Kam et al., 2016). The number of (type 2) mainly
noninsulin-dependent diabetics in the African region is increasing.
World Health Organisation (WHO) estimates that more than 25
million of Africa’s population was type 2 diabetes (T2D) in 2014, up
from 2.6 million in 1980 and projected to be 41 million in 2045. It is
estimated that for a low-income family in the African region with a
diabetic adult, as much as 25% of family income may be devoted to
diabetes care. Apart from high-quality starch, the nutritional value
of millets is high as they are rich in nutritionally important minerals
like iron, calcium, zinc, magnesium, phosphorous, and potassium
(Antony and Chandra, 1998; Vadivoo et al.,, 1998). In addition, they
are also a good source of dietary fibre and several vitamins ([3-
carotene, niacin, vitamin B6, and folic acid). Insufficient intakes of
diet, especially minerals, by humans lead to dysfunctions and
diseases in humans and are the primary cause of micronutrient
malnutrition in many parts of South Asia and sub-Saharan Africa.
Maintenance and improvement of nutrient content in a crop like a
pearl millet together with yield are therefore important
requirements in pearl millet breeding programs.

The current study focused on testing pear]l millet hybrids on
parental lines that are known to possess the best combination of
starch traits (Yadav et al., 2022). The study’s primary aim was to
understand the effects of GXE on starch, yield, and grain nutritional
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traits and if they can be combined in future varieties. The study also
aimed at identifying hybrids possessing the best combination of
these traits for cultivation by farmers in these environments.

2 Materials and methods
2.1 Plant materials

The experimental pear] millet hybrids used in this study
comprised 20 lines identified from within the 166 PMiGAP
accessions, primarily based on the higher slowly digestible starch
(SDS) and resistant starch (RS) content reported by Yadav et al. (2022)
in their grains (Supplementary Table S1). Two female lines,
ICMA17002 and ICMA177111, were used as females for crossing
with these lines to produce hybrid seeds during the off-season of 2019
at ICRISAT-Sadore in Niger Republic. Female and male parents used
each hybrid combination are presented in Supplementary Figure S1.

2.2 Experimental trials and field design

Field trials of 20 pear]l millet hybrids produced as above were
conducted at five locations in West Africa: Bawku-Ghana (E1),
Konni-Niger (E2), Kano-Nigeria (E3), Sadore-Niger (E4), and
Bambey-Senegal (E5). Geographic coordinates (latitude, longitude,
and altitude), type of soil, and weather data during the cropping
season (total rainfall, minimum and maximum temperature) for each
location are given in Supplementary Table S2. An experimental trial
was laid out in a randomised complete block design with three
replications across five locations. The trial was sown in a two-row
plot with a row length of 3 m long and a row-to-row distance of 0.8 m.
Thinning was performed in all the locations 15-21 days after sowing.
Weeding was carried out when necessary. Recommended agronomic
practices were followed in each location.

2.3 Agronomic data collections

Phenotypic data for four agronomic traits, namely days to 50%
flowering (days), plant height (cm), panicle length (cm), and grain
yield (g/plot), were evaluated during the trials, and the data were
collected for these traits. The grain yield was computed to tonnes per
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hectare using primary grain weight data. These traits were measured
as per DUS characterisation guidelines. At physiological maturity,
each plot was harvested, and samples were collected for grain iron,
zinc estimation, and starch component traits. When harvesting and
selecting suitable heads, representative grain sampling was done;
plants grounded and contaminated with soil were not taken.

2.4 Starch content quantification in pearl
millet hybrid

Pearl millet grain starch was digested to quantify the rapidly
digestible starch (RDS), SDS, and RS fractions (Englyst et al., 1992;
Englyst et al, 1999; Yadav et al, 2022). All analyses for starch
measurements were performed in duplicate (two replicates) for each
hybrid from the milled samples. The samples were milled in a
centrifugal miller with a 0.5-mm sieve (Fritsch Pulverisette). After
the pretreatment of samples under gastric conditions, the samples
were digested using amylolytic enzymes under condition-controlled
conditions as described by Yadav et al. (2022). Samples were taken
from the digested mix at 20 and 120 min to measure the rate and
extent of starch digestion. The release of glucose was estimated by
high-pressure ion chromatography (HPIC). Various components of
starch, such as RDS, were estimated by measuring the release of
glucose in the first 20 min, while SDS content was recorded by
measuring the glucose release between 20 and 120 min. Finally, the
unhydrolysed starch component after 120 min was considered RS.

2.5 Iron and zinc content quantification in
pearl millet hybrids

Pearl millet grain micronutrient estimation was carried out
using the energy dispersive X-ray fluorescence (EDXRF) method
(Paltridge et al., 2012a; Paltridge et al., 2012b; Guild and Stangoulis,
2016). EDXREF analysis was carried out using an Oxford X-Supreme
8000 with a 10-sample carousel. Analyses were conducted in
supplied sample cups prepared as reported previously (Paltridge
et al,, 2012a; Paltridge et al., 2012b; Guild and Stangoulis, 2016),
with 4 um Poly-4 XRF sample film used to seal one end of the cup.
Sample cups were cleaned and prepared before each analysis to
minimise cross-contamination between samples. Samples of >5 g
were used for all analyses to ensure samples were “infinitely thick”
in terms of EDXRF analysis (Paltridge et al., 2012b). Calibrations
for Fe and Zn in pearl millet were achieved using 20 standards based
on inductively coupled plasma-optical emission spectrophotometry
(ICP-OES) data.

2.6 Statistical analysis and phenotypic
diversity in pearl millet hybrid

A combined analysis of variance across locations was performed
using replicated data to test the significance of environment (E),
genotype (G), and genotype-by-environment interaction (GEI)
using the MIXED procedure of SAS 9.4 (Institute Inc, S. A. S,
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2018), considering environment, genotype, and replication as
random effects. Individual location variances were modelled in
the combined analysis. Predicted means were estimated for E, G,
and GEI from combined analysis. Broad sense heritability (H*) was
estimated for combined analysis by following the formula

H?= o0g¢*/(0g* + oge® /I + oE*/rl)
components of genotype, genotype x location, and error residuals,

and OF? re variance

respectively, | and r are the number of locations and replications,
respectively. Karl Pearson’s coefficient of correlation was predicted
for all the traits analysed in this study.

2.7 Genotype plus genotype-by-
environment model on multi-environment
factor

Site regression models (commonly known as genotype plus
genotype-by-environment (GGE biplot) (Yan and Kang, 2003) were
used to visualise the GEI patterns and to understand (1) the which-
won-where pattern whereby specific genotypes can be
recommended to a specific environment(s), (2) genotype
evaluation and stable genotype across all environments, and (3)
environment evaluation, which explains discriminative power
among genotypes in target environments.

2.8 Multi-trait stability analysis

The multi-trait stability index (MTSI) was implemented by
Olivoto and Lucio (2020) in the Metan r package to predict the
stability and mean performance across all the traits together. The
MTSI was estimated using the WAASBY index based on the
superiority index based on mixed-effect models

(rGix8,) + (rW;x6;)
6, + 6,

WAASBY;, =

(Olivoto et al., 2019).

3 Results

3.1 Mean performance for agronomic traits

The days required to reach 50% flowering directly influence
grain yield and productivity. Therefore, the mean performance for
50% flowering of pearl millet hybrids was recorded in all
environments to understand the environmental effects of 50%
flowering (Table 1). Days to 50% flowering varied from 48.15 to
55.09 days among the 20 pearl millet hybrids (Supplementary
Figure S2A). Among environments, the mean value for 50%
flowering varied from 43.32 (Konni) to 63.15 (Senegal) days. The
hybrid ICMX207059 exhibited early flowering in four locations,
such as Ghana, Konni, Senegal, and Nigeria, whereas late flowering
was observed at Sadore for the ICMX207171 hybrid
(Supplementary Figure S3A). Pearl millet hybrid ICMX207199
demonstrated late flowering in Senegal, Nigeria, and Ghana,
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TABLE 1 Means of agronomic, starch, and mineral traits for 20 pearl millet hybrids tested across five locations in West Africa.

Entry Genotype DF50 PH PL GY Fe Zn SDS RS TS

1 ICMH177111 53.63 229.18 36.63 2.07 3535 38.74 48.43 3.49 71.44
2 ICMX207059 48.15 190.10 35.59 1.88 33.71 3231 47.44 2.30 70.26
3 ICMX207070 53.47 234.80 34,51 1.95 37.33 36.11 4778 2.70 70.78
4 ICMX207076 54.24 229.17 40.29 1.74 31.08 36.03 47.53 2.99 70.97
5 ICMX207094 52.58 245.33 40.78 220 33.89 40.04 46.48 2.15 69.08
6 ICMX207136 51.40 209.37 28.92 1.39 47.54 41.59 47.15 2.16 70.41
7 ICMX207137 51.82 223.05 3147 273 43.62 36.76 47.70 3.17 71.76
8 ICMX207160 54.40 253.61 28.97 3.15 32.67 3226 47.96 2.81 71.37
9 ICMX207167 51.82 228.83 28.36 227 32.76 31.62 46.53 2.84 69.45
10 ICMX207171 53.48 231.27 30.32 1.79 40.89 3637 46.97 233 70.09
11 ICMX207181 54.52 222.65 30.71 224 33.04 34.57 47.60 324 70.71
12 ICMX207183 54.54 249.19 3623 2.81 33.04 32.99 47.26 3.06 70.80
13 ICMX207184 5222 241.81 23.64 2.93 28.17 33.39 47.61 2.73 70.74
14 ICMX207190 50.44 229.40 25.64 2.72 40.01 38.35 47.60 2.99 70.91
15 ICMX207191 54.02 257.08 2852 241 31.32 34.11 47.28 2.59 70.42
16 ICMX207192 50.22 217.51 29.19 248 32.38 30.88 4671 3.58 70.06
17 ICMX207198 52.93 226.48 28.00 278 34.01 37.02 47.17 247 70.08
18 ICMX207199 55.09 257.54 31.88 1.79 30.83 3231 46.62 274 69.11
19 ICMX207207 53.53 247.52 3229 2.95 31.91 34.66 47.62 2.67 70.73
20 ICMX207211 48.45 204.20 25.07 2.90 34.75 33.75 46.55 2.63 69.22
Mean 52.55 231.40 31.35 236 34.92 35.19 47.30 2.78 70.42
CV% 3.42 4.66 11.78 18.38 9.95 9.56 2.85 20.69 1.83

which varied from 46.97 to 56.40 days. The overall maximum days
required to reach 50% flowering at Konni varied from 58.67 to 68.18
days at the Konni location (Supplementary Figure S4).

The average plant heights were recorded for the 20 hybrids to
understand the correlation of gain yield with plant height. The
average range of plant height varied from 218.66 to 244.64 cm
among various environmental conditions (Supplementary Figure
S2A). The hybrid line ICMX207059 showed minimum average
height (190.10 cm), and a maximum plant height was observed in
the ICMX207199 genotype (257.54 cm), taking into account all
location data. Maximum average plant height was recorded at the
Senegal location, and it varied from 207.47 cm (ICMX207059) to
295.66 cm (ICMX207199). The ICMX207059 genotype showed the
lowest height among all five locations, where maximum height was
observed for the ICMX207059 genotype in Ghana and Senegal.
Higher plant length was also observed for ICMX207094 (268.93
cm) at Konni, ICMX207191 (268.85 c¢m) in Nigeria, and
ICMX207207 (252.80 cm) at Sadore (Supplementary Figure S4).

The grain yield (GY) varied from 1.53 to 3.00 t/ha in the five
environmental conditions (Table 1). The highest amount of grain
yield was recorded at 3.00 t/ha in Nigeria followed by 2.99 t/ha in
Senegal (Supplementary Figure S2A). The average mean
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performance for grain yield was maximum in ICMX207160,
whereas minimum grain yield was observed in ICMX207136. The
maximum average grain yield was recorded in ICMX207160 (4.78 t/
ha) at the Konni location (Supplementary Figure S3A). The grain
yield varied from 1.07 to 4.78 t/ha among 20 pearl millet hybrids at
the Konni location. The ICMX207136 genotype showed a lower
grain yield at all five locations, which ranged from 0.95 to 2.38 t/ha.
Higher grain yield was observed in all the hybrids at the Senegal
location (Supplementary Figure 54).

Panicle length (PL) directly correlates with grain productivity
and is influenced by various environmental conditions. The panicle
length in our study varied from 27.75 to 35.24 cm in the five
environmental conditions in Ghana, Konni, Senegal, Nigeria, and
Sadore (Table 1). Panicle length was highest in ICMX207094 (40.78
cm), whereas the least panicle length was observed in ICMX207184
(23.64 cm) among all the locations. Longer panicle length was noted
in the ICMX207094 genotype (44.67 cm) at the Senegal location,
followed by 41.41 cm at the Ghana location. The panicle length
varied from 37.18 to 44.67 cm in the environments in which they
were evaluated. Panicle length was shorter in size in ICMX207184
in all environmental conditions ranging from 20.03 to 27.52 cm
(Supplementary Figure S4).
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3.2 Mean variability for starch-related traits

Phenotypic variability was determined for starch traits such as
RDS, SDS, RS, and total starch (TS) in 20 pearl millet (Pennisetum
glaucum) hybrid at five locations (Ghana, Nigeria, Konni, Senegal,
and Sadore) (Table 2). The TS content among five environmental
conditions was distinctly variable and ranged from 69.17% (Ghana)
to 72.69% (Sadore) (Supplementary Figure S2B). The average RDS
content was recorded highest in Ghana (22.13%) at the Konni
location, whereas the lowest was recorded at Sadore (18.72%). In
contrast to RDS, SDS content ranged from 45.51% to 50.08% among
five locations. Similarly, RS content was also found to be greatly
varied among locations and ranged from 1.50% to 3.50%
(Supplementary Figure S3B). The tester line ICMH177111 and
hybrid line ICMX207192 showed the lowest RDS content (19.67%
and 19.74% respectively), but the highest RDS content was observed
in ICMX207136 (21.03%). The highest SDS content was recorded in
ICMH177111 (48.43%), followed by 47.96% in ICMX207160. The
minimum SDS content (46.48%) was recorded in ICMX207094.
Similarly, ICMX207094 showed the lowest RS content (2.15%), and
the maximum RS content was recorded in ICMX207192. Maximum

TABLE 2 Means of starch component traits in parents of selected hybrids.

10.3389/fpls.2023.1171773

TS content of 71.76% was noted in ICMX207094, whereas the
lowest TS content of 69.08% was recorded in the ICMX207137 pearl
millet hybrid line (Supplementary Figure 54).

3.3 Mean performance for mineral
contents

Pearl millet grain contents recorded in 20 hybrids under five test
environmental conditions are presented in Table 1. Panicle length is
directly correlated with grain productivity and is influenced by
various environmental conditions. The average iron content was
higher in Ghana (43.88 mg kg ') and lower in Sadore (29.34 mg
kg "), indicating the environmental effects on Fe accumulations in
hybrid (Supplementary Figure S2C). Similarly, the average zinc
content was higher in Sadore (39.33 mg kg ') and lower in Nigeria
(29.34 mg kg'), demonstrating the role of environmental
conditions on Zn content modulation in hybrids. The average Fe
content was maximum in the ICMX207136 genotype (47.54 mg
kg™!), whereas the minimum Fe content was recorded in the
ICMX207184 genotype (28.17 mg kg™') among all the locations.

Genotype RDS SDS RS TS Av. Sta. SDS/ASTA RS/TS
1P10520 17.54 38.76 453 60.83 56.30 68.85 7.45
1P12839 21.14 45.89 1.60 68.63 67.03 68.46 234
IP13180 2247 45.19 151 69.16 67.66 66.79 218
IP15872 21.26 45.65 L15 68.06 66.92 68.22 1.69
IP17150 20.33 43.79 1.87 65.99 64.13 68.29 283
1P21020 22.04 47.14 2.76 71.94 69.18 68.15 3.83
1P21155 2234 45.68 1.70 66.96 65.26 65.76 2.54
IP21169 24.26 45.35 1.52 68.22 66.70 63.63 223
1P21206 21.92 44.19 1.67 67.78 66.11 66.85 2.46
1P22445 22.85 44.83 219 69.26 67.07 65.93 317
1P3030 182 39.9 110 69.1 58.11 68.68 15.90
1P3757 21.35 4233 1.60 65.28 63.68 66.48 245
1P4974 20.98 43.58 2.00 66.56 64.56 67.50 3.01
IP5560 22.18 46.08 220 70.46 68.26 67.51 312
IP5900 21.28 43.88 137 66.53 65.16 67.34 2.06
1P7967 23.12 47.63 1.58 72.34 70.75 67.32 219
IP8166 18.02 37.19 1.54 56.75 55.21 67.37 271
1P8182 20.63 43.63 253 66.79 64.26 67.89 3.79
1P9840 2215 45.09 212 69.36 67.24 67.06 3.05
ICMA177002 23.79 38.10 097 62.86 61.89 61.56 1.54
ICMA177003 19.44 40.83 1.65 61.92 60.28 67.74 2.66
ICMA177111 18.97 49.19 2.50 70.66 68.16 72.17 3.54
ICMRO08888 22.38 4091 1.57 64.85 63.28 64.64 241
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Similarly, maximum average Fe content was found in ICMX207136
(41.59 mg kg™') whereas minimum Fe content was recorded in
ICMX207192 (30.88 mg kg ') among all the five locations
(Supplementary Figure S3C). The highest Fe content was noted in
ICMX207136 at all locations, which ranged from 40.40 mg kg™ (in
environment x) to 55.98 mg kg’1 (in environment y). Lowest Fe
content was observed in ICMX207184 and highest in ICMX207094,
followed by ICMX207136 (Supplementary Figure S4).

3.4 Statistical analysis for phenotypic
variance among different locations

Combined analysis of variance revealed significant genotypic
and location effects at p< 0.001 for all agronomic traits. The
genotypic variance ranges from 0.19 to 287.36 for the agronomic
traits measured. The genotypic variance was highest for plant
height, followed by panicle length, days to 50% flowering, and
grain yield. The interactions between location and genotype effects
exhibited significant differences at p< 0.001 for all the agronomic
traits such as DF50, PH, PL, and GY (Table 3). Broad-sense
heritability for agronomic traits (DF50, PH, PL, and GY) was
high (>0.70) across five environments, confirming a lower degree
of effect of replications on the phenotypic trait, including on starch
and yield traits (Supplementary Figures S5A, B).

The analysis of variance revealed significant (Prob<0.001)
genotypic variance for starch-related traits such as RDS, SDS, RS,
and TS (Table 3). Such highly significant genotypic variance
observed for starch traits affirms that the environmental
conditions are an important factor in modulating the starch
contents in pearl millet. The genotypic variance was higher (0.60)
for the TS trait, followed by SDS (0.34) and RDS (0.16). The
interactions between genotype and locations were found to be
significant for RS and TS traits with a p-value of<0.001. The
results indicated that noncrossover interaction, i.e., the
performance of genotypes varies across locations, was the case for
starch traits in this study. GEI was found to be nonsignificant for

10.3389/fpls.2023.1171773

RDS and SDS, exhibiting that the performance of genotype (i.e.,
genotypes ranking) is similar across the locations. Broad-sense
heritability in general was observed higher for starch traits (RDS,
SDS, RS, and TS > 0.69) across five environments (Table 3). In
individual environments, broad-sense heritability for RDS was
variable across environments, ranging from 0.19 (in Konni) to
0.60 (in Sadore), and for SDS, it ranged from 0.38 (in Konni) to 0.72
(in Ghana). However, RS and TS showed higher broad-sense
heritability compared to RDS and SDS (a 0.76 (TS) to 0.79 (RS).
Considering individual environments, heritability was observed
highest in Sadore (0.81 for RS) and Ghana (0.88 for TS)
(Supplementary Figures S5A, B).

A combined analysis of variance showed significant genotypic
variance components under different locations for mineral content
such as Fe and Zn traits (Table 3). Location-specific variances were
also found to be significant for Fe and Zn traits at a p-value
0£<0.001. The genotypic variance was higher (22.093) for iron as
compared to Zn (7.536). The interactions between genotype and
location were found to be significant for both mineral traits. In the
current analysis, both traits were found to be strongly heritable
(>0.70) in the combined analysis. Compared with the Zn trait, Fe
was found to be more heritable across the five locations. Broad-
sense heritability for the Fe trait was higher (>0.80) in Konni and
Senegal’s environmental conditions, whereas Zn had a higher scale
of heritability in Sadore followed by Senegal (Supplementary
Figures S5A, B). High heritability for the mineral traits revealed
that the phenotypic differences observed among hybrids were due to
genetic influences (Supplementary Figures S5A, B).

Furthermore, we analysed Karl Pearson’s coefficient of
correlations among traits. It was found that the SDS, RS, and TS
were positively correlated with each other but negatively with RS.
No correlation of starch traits with yield was evident, indicating
yield is not affected by these component starch traits. This
confirms that the best hybrids identified based on starch traits
in our earlier study by Yadav et al. (2022) hold high promise for
further on-farm testing, release, and promotion to combat type 2
diabetes (Table 4).

TABLE 3 Variance component estimates from combined analysis of variance for agronomy, starch, and nutrient traits in pearl millet hybrid tested

across five locations.

Covariance parameter

Variance components

GY RDS SDS
Location 52.683** 113.130** 7.389** 0.377** 1.675%* 3.886"* 0.656** 2.080** 32.613** 8.656**
Rep (location) 0.484** 0.204 0.050** 0.144** 0.197* 0.047** 0.390** 0.331
Genotype 3.390** 287.360** 23.157* 0.197** 0.135%* 0.338** 0.159** 0.606** 22.093** 7.536**
Location*genotype 3.834** 198.360** 0.335%* 0.046 0.147 0.104** 0.391* 6.609** 9.448**
Residual (Ghana) 2.839 88.235 5917 0.193 1.134 2.754 0.099 1.589 20.027 10.714
Residual (Konni) 1.419 210.020 21.618 0.151 0.599 2.033 0.375 2.076 11.535 10.054
Residual (Nigeria) 2232 114.580 22.485 0.318 0.615 2.146 0.263 2.077 7.834 6.906
Residual (Sadore) 6.974 98.402 10.839 0.103 0.720 1.158 0.633 1.001 10.218 17.442
Residual (Senegal) 2.677 70.358 7.332 0.175 0.454 1.001 0.287 1.552 10.724 11.464
*=P <005 **=P<001
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TABLE 4 Pearson’s coefficient of correlations among 10 traits across five locations in West Africa.

Traits

SDS -0.10

RS —0.74** 0.37

TS 0.03 0.91** 0.47*

DF50 -0.19 0.27 0.15 0.24

PH -0.13 0.07 0.05 0.06 0.79**

GY -0.11 0.15 0.26 0.22 -0.06 0.27

Fe 0.55* 0.08 -0.20 0.22 -0.25 —-0.40 -0.33

Zn 0.33 0.20 -0.30 0.16 0.04 -0.11 -0.35 0.66**

PL -0.15 0.12 0.00 0.07 0.31 0.09 —0.44 —-0.08 0.24
Scale -1 0 +1

**, Significant at 1% level; ¥, Significant at 5% level. * P < 0.05; ** P < 0.01.

3.5 Genotype plus genotype-by-
environment biplots

GGE biplot analysis of multiple traits was used to compare
multiple genotypes in multiple environments (five environments)
for all the agronomic traits, starch-related traits, and mineral traits (Fe
and Zn). GGE-based biplots were generated to link the multiple
environmental grades from the origin of the point and found that
favourable environmental effects were displayed for agronomic traits,
starch-related traits, and mineral traits. The GGE biplot showed quite
distinct genotypic variations where the first two interacting principal
component axes (IPC) explained 83.07% of the variation for the DF50
trait. According to environmental evaluation, all five locations are
highly discriminative, which means genotypic variation is high in
each location. E1 (Ghana), E3 (Nigeria), and E5 (Senegal) have
formed one mega environment, and they passed through the
average environment axis (AEA), confirming they are ideal test
environments for days to 50% flowering (DF50). E2 (Konni) and
E4 (Sadore) were diverse environments (>90°), i.e., genotype ranks are
changing between these two locations. According to genotype
evaluation, G15 (ICMX207191) was an adoptable line for E2

A Scatter plot (Total - 83.07%)

(Konni), and G11 (ICMX207181) was an adoptable hybrid line for
E4 (Sadore) (Figure 1A). Similarly, G18 (ICMX207199) was a high
DF50 and stable genotype for all locations. The GGE biplots revealed
that E2 (Konni) and E3 are having high discriminating power for
yield traits. Genotype G8 (ICMX207160) had a high yield
performance at E2 (Konni) location (Figure 1B). Similarly, for the
plant height trait, E2 (Konni) had a high discriminative location for 20
pear]l millet hybrids, and the extensive plant height line was G18
(ICMX207199) (Figure 1C).

Genotype-by-environment interaction was significant for RS and
TS, whereas RDS and SDS showed nonsignificant interactions. The first
two IPCs explained 89.41%, and 90.46% variation for both resistant
and total starch traits, respectively. Biplots showed that E4 (Sadore) had
the longest vector and passes through the AEA, an E4 is more ideal test
location for the resistant starch trait. However, compared to E2
(Konni), all remaining locations are highly discriminative for a total
starch trait. Genotypes G16 (ICMX207192) and G1 (ICMH 177111)
were found to be the best performing and stable hybrids for resistant
starch trait (Figure 2A), whereas G1 (ICMH 177111), G8
(ICMX207160), and G7 (ICMX207137) were the highest performing
and stable hybrids for the total starch trait (Figure 2B).

Scattor plot (Total - 84.78%)
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Genotype by genotype x environment (GGE) biplot to identify the favourable environment for (A) days to 50% flowering (DF50); (B) grain yield (GY);

and (C) plant height (PH) across the five testing environments.
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Genotype by genotype X environment (GGE) biplot to identify the favourable environment for (A) resistant starch (RS) and (B) total starch (TS) across

the five testing environments

According to Fe, the GGE biplot explained 94.25% of the variation
for the Fe trait (Figure 3A). E2 (Konni), E1 (Ghana), and E5 (Senegal)
had high discriminative locations compared to E3 (Nigeria) and E4
(Sadore). Genotypes G6 (ICMX207136) and G7 (ICMX207137) had
high Fe content and were found stable across all the locations.
Accordingly for Zn, the GGE biplot explained 77.94% of the
variation for the Zn trait (Figure 3B), and E4 (Sadore) and E5
(Senegal) were found to be highly discriminative locations compared
with the rest of the locations for Zn trait (Figure 3B). G5
(ICMX207094), G14 (ICMX207190), G1 (ICMH177111), and G17
(ICMX207198) are the best adaptable hybrid for E2 (Konni) and E5
(Senegal). Genotype G6 (ICMX207136) was an adoptable hybrid line
for E4 (Sadore) and E1 (Ghana) locations.

Scatter plot (Total - 94.25%)

3.6 Best-performing and highly stable
entries

MTSI was calculated by estimating the WAASBY index for
genotype stability and mean performance across all the traits, such
as agronomic (DF50, PH, PL, and GY), starch trait (RDS, SDS, RS,
and TS), and mineral (Fe and Zn) traits. The result indicated that
genotypes G13 (ICMX207070) and G27 (ICMX207160) and G34
(ICMX207184) were found to be the best performing and stable
among the five test environments. The stability index score was
lowest for genotype G18 (ICMX207094), showing poor stability and
mean performance among all the environmental conditions (Table
4 and Figure 4).

Scatter plot (Total - 77.94%)
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Genotype by genotype x environment (GGE) biplot to identify the favourable environment for (A) iron (Fe) and (B) zinc (Zn) across the five testing environments.
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FIGURE 4

Prediction of highly stable and best-performing genotypes (G13 =
ICMX207070, G27 = ICMX207160, and G34 = ICMX207184) across
all the traits in pearl millet lines tested at five locations.

4 Discussion

Yield enhancement has long been the goal of plant science
research across disciplines, using different genetic and molecular
breeding approaches. In recent years, the integration of grain yield
with nutritional traits has been better recognised, and this study had
such an aim. In this study, we assessed the genetic variation for
agronomic, nutritional, and starch traits in selected genotypes
identified earlier from within the world collection of pearl millet
germplasm based on their starch contents (Yadav et al., 2022). An
extremity of genetic variations was observed in the traits measured
across five locations due to differences in environmental conditions
across these locations. ANOVA analysis demonstrated highly
significant differences (p< 0.001) for genotypes, environments,
and their GEI for yield-associated traits and micronutrient
contents, which means genotype ranks are significantly changing
across the environments. Similar results were reported by Sankar
etal. (2021) for traits such as days to 50% flowering and foliar blast
disease of pear] millet in testing environments, as reported in this
study. Similar results were also reported in closely related crop
finger millet by Adugna et al. (2011); Molla et al. (2013);
Dagnachew et al. (2014); Birhanu et al. (2016); Lakew et al.
(2017), and Seyoum et al. (2019). However, Dehghani et al.
(2006); Tolessa et al. (2013), and Singamsetti et al. (2021) also
reported significant interactions in pea, wheat, and maize across
environments and genotypes.

In addition to yield parameter, pearl millet grain has several
advantages for consumption as it is rich in soluble and insoluble
dietary fibres (Ragaee et al., 2006; Kam et al., 2016). Consumption
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of significant quantities of dietary fibre has been shown to be
beneficial to human nutrition, helping reduce the risk of certain
types of cancer, coronary heart disease, diabetes, and constipation.
Dietary starch is classified into three main fractions based on its in
vitro digestibility, namely, rapidly digestible starch, slowly digestible
starch, and RS. Among these, the RS fraction in the food resists
digestion in the small intestine and passes on to the colon. In the
colon, RS serves as a substrate for fermentation by the intestinal
microbiome to produce short-chain fatty acids. Hence, when RS
replaces available carbohydrates in the meal, postprandial
glycaemia is reduced, which helps patients, especially those with
T2D, normalise their glucose pressure. In this study, the average
mean performance of RS content of 20 pearl millet hybrid was
assessed in five testing environments and showed a high degree of
variations among genotypes (2.15% and 3.58%) as well as among
testing environments (1.50% and 3.78%). A previous study reported
by Yadav et al. (2022) detected a range of variations in RS content in
pearl millet inbred lines, ranging from 0.08% to 1.99%. However, a
slightly higher RS content was reported by Zhang et al. (2020) in
rice, which ranged from 0% to 3.47%, with an average of 1.67%. In
the present study, we have used MTSI and AMMI ASV for the
selection of the best hybrids. The main difference between MTSI
and AMMI ASV is that the MTSI index is calculated to select lines
with amended and consistent performance for multiple traits
simultaneously, while the ASI is the rank of genotypes based on
their stability index value for each of the traits. The analysis of
variance for the RS trait exhibited a significant degree of variations
and genotypes and the GEI effects accounted for approximately
89.41% of the total variation. The statistical analysis confirmed that
genotypes G16 (ICMX207192) and G1 (ICMH177111) were found
to be the most stable and best-performing hybrids for the resistant
starch trait among five testing environments such as Ghana,
Nigeria, Sadore, Senegal, and Konni. The Sadore environment is a
more ideal test environment, which has a high discriminating ability
and a representative and identified ranking of genotypes that are
not much varied across the environments; meanwhile, the
respective genotypes (G16 and Gl) are stable and eminently
performed genotypes across the environments. These lines of
pear] millet can be considered a good source of dietary fibres and
have a low glycaemic index with increased levels as compared to
other cereals (Sankar et al., 2021). Similarly, SDS are an equally
important component of carbohydrates that gets processed in the
small intestine and helpful in type 2 diabetes management by
releasing the energy slowly. In the present study, the best pearl
millet hybrid showing high average mean performance for SDS
across five testing environments was identified, which ranged from
46.48% to 46.48%. Interestingly slowly digestible starch was
nonsignificant for genotypic and environmental interactions, but
it had high broad-sense heritability, indicating the lower
environmental influence on its measurement. The actual
differences in the five physical distant environments at five
locations significantly affected SDS. High levels of SDS within the
food are directly associated with a low glycaemic index (GI), and
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high SDS foods can therefore form an important part of the diet to
help mitigate the risk of diverse chronic degenerative diseases such
as type 2 diabetes and other obesity-related disorders (Englyst et al.,
1996; Parween et al., 2020).

Inadequacies of Fe and Zn micronutrients are considerable
health concerns, especially in developing countries with deprived
and resource-poor people. In this study, we have estimated the
mineral content, such as Fe and Zn, in pearl millet hybrid. The
average Fe content was 34.91 mg kg, and the average Zn was 35.19
mg kg ™! in the pearl millet hybrid. Similar results were reported by
Govindaraj et al. (2019) for the estimation of mineral content in
pearl millet hybrids lines, and it ranged from 25.8 to 80.0 ppm for Fe
and 22.0 to 70 ppm for Zn. They have also reported the mineral
content in commercial pearl millet hybrids, which ranged from 31.0
to 61.0 ppm for Fe and 32.0 to 54.0 ppm for Zn. An earlier report by
Mahendrakar et al. (2019) concluded that pearl millet grains
contain Fe (22-154 ppm) and Zn (19-121), which are relatively
higher amounts of the Fe and Zn. Analysis of 281 advanced
breeding lines exhibited substantial variability for Fe (35-116
ppm) and Zn (21-80 ppm) (Pujar et al, 2020a). ICTP8203, an
open-pollinated variety (OPV) released in India in 1988, had been
found to have the highest level of Fe and Zn density (Rai et al,
2013). In the current study, we also dissected the relationship of
grain yield with micronutrients and starch contents, which was
found neutral, indicating that micronutrients and starch can be
improved without any penalty ion yield per se.

5 Conclusion

In the present study, we report a significant level of phenotypic
variability for agronomic traits among the entries selected to possess
high concentrations of SDS and RS in their grains. Starch traits in
hybrids of these entries did not show any correlation to grain yields
across five distinct locations in West Africa, confirming that starch
traits can be improved without any penalty on grain yield.
Genotype-by-environment interaction studies of these hybrids
identified no GEI interactions on starch traits, but the locations/
environment significantly affected the starch traits, especially the
slowly digestible starch. GGE biplots depicted environment-specific
adaptability and identified the winning genotypes for the five testing
environments. Among the tested genotypes, G13 (ICMX207070),
G27 (ICMX207160), and G34 (ICMX207184) were identified as the
most stable and best-performing hybrid among the five
testing environments.
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