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Improving essential nutrient content in staple food crops through biofortification breeding can
overcome the micronutrient malnutrition problem. Genetic improvement depends on the availability
of genetic variability in the primary gene pool. This study was aimed to ascertain the magnitude of
variability in a core germplasm collection of diverse origin and predict pearl millet biofortification
prospects for essential micronutrients. Germplasm accessions were evaluated in field trials at ICRISAT,
India. The accessions differed significantly for all micronutrients with over two-fold variation for Fe
(34-90 mg kg™), Zn (30-74 mg kg!), and Ca (85-249 mg kg™?). High estimates of heritability (>0.81)
were observed for Fe, Zn, Ca, P, Mo, and Mg. The lower magnitude of genotype (G) x environment

(E) interaction observed for most of the traits implies strong genetic control for grain nutrients. The
top-10 accessions for each nutrient and 15 accessions, from five countries for multiple nutrients were
identified. For Fe and Zn, 39 accessions, including 15 with multiple nutrients, exceeded the Indian
cultivars and 17 of them exceeded the biofortification breeding target for Fe (72 mg kg2). These 39
accessions were grouped into 5 clusters. Most of these nutrients were positively and significantly
associated among themselves and with days to 50% flowering and 1000-grain weight (TGW) indicating
the possibility of their simultaneous improvement in superior agronomic background. The identified
core collection accessions rich in specific and multiple-nutrients would be useful as the key genetic
resources for developing biofortified and agronomically superior cultivars.

Assuring all people access to sufficient and healthy food remains one of the world’s greatest challenges. The
human body requires more than 22 minerals that can be supplied by an appropriate diet'. However, the diets of
the majority of populations subsisting on cereals, or inhabiting poor regions often lack several of these essential
micronutrients. The micronutrients most frequently lacking in human diets are iron (Fe), zinc (Zn), and iodine
(I), although Calcium (Ca), Magnesium (Mg), Copper (Cu), and Selenium (Se), can be deficient in the diets of
some populations. Studies estimate that, of the world population, 60-80% are Fe deficient, >30% are Zn defi-
cient, and about 15% is Se deficient*’. Fe and Zn deficiencies, cause anemia and impaired growth (stunting),
respectively. The prevalence of these deficiencies is higher in India and sub-Saharan Africa where cereal-based
diets predominate. In India, about 60 million children are underweight, 52% of women and 74% of the children
(under 5 years’ age) suffer from Fe deficiency-induced anaemia and approximately 52% of the children below
5 years are Zn deficient (stunted). Diets with higher amounts of Mg are associated with a significantly lower risk
of diabetes, possibly because of the important role of Mg in glucose metabolism*”. The rising global cardiovas-
cular disease prevalence and low mineral density in the bone may be linked to lower intakes of Mg®. Calcium
deficiency resulting from a high intake of cereals’. Phosphorus (P) helps to metabolize fats and carbohydrates
and its deficiency may cause bone associated diseases. Potassium (K) is critical for insulin secretion from pan-
creatic cells thus K plays a key role in reducing type-2 diabetes. Manganese (Mn) is essential for the activation
of enzymes that are mandatory for the digestion. Mn sufficiency will maintain low blood cholesterol levels®.
Considering these importance worldwide, micronutrient malnutrition results in an enormous socioeconomic
cost to the developing world”!°.
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Mean square

Fe Zn Days to 50% flowering 1000-grain weight
Source of variation Degrees of freedom | Pooled S R Pooled S R Pooled S R Pooled S R
Environments (E) 1 5494** 9105** 1657** 173**
Replication/E 2(1) 239** 429** 48* 144** 150** 139%* 54 63** 46** 19** 4* 34%*
Genotypes (G) 211 550** 318** 327%* 262** 150** 178** 129** 81** 70%* 19%* 10** 14**
GxE 211 95%* 67** 23%* 5%
Residuals 422 (211) 13 13 12 16 14 18 7 7.2 6.6 0.9 0.9 0.9
Mean 54 57 52 49 52 45 56 57 54 9 9 10
SE+ 4 4 3 4 4 4 3 3 3 1 1 1
LSD (5%) 5 7.2 4.9 5.6 7.5 6 3.7 53 3.6 13 1.8 13
CV (%) 6.6 6.5 6.8 8.3 7.3 9.5 4.7 4.7 4.8 10.1 10.5 |97
Homogeneity of error vari- NS _ _ NS _ _ NS _ _ NS _ _
ance

Table 1. Mean squares for iron (Fe), zinc (Zn), days to 50% flowering and 1000-grain weight of a set of 212
pearl millet core collection accessions evaluated during the 2011 summer and 2011 rainy seasons, Patancheru,
India. Values in the parenthesis are degrees of freedom for individual environments. S summer, R rainy, NS
non-significant. *,** Significant at the 0.05 and 0.01 probability levels, respectively.

Pearl millet (Pennisetum glaucum (L.) R.Br.) is a staple cereal crop in terms of production and one of the
major sources of food, fodder, and feed in many countries of sub-Saharan Africa and northwestern states in
India. Developing nutrient-dense cultivars and their cultivation will help overcome these deficiencies and will
be of great value to the global population. The success of crop improvement programs depends on the extent of
characterized germplasm for various traits available to breeders for breeding desirable cultivars. Pear]l millet core
collections representing the diversity of the entire collection facilitates better utilization of germplasm resources
and diversity'!. Like other traits, variability for micronutrients found in core collections can be efficiently uti-
lized upon primary data become available to enhance grain micronutrients in this crop. Although selecting
micronutrient-dense lines among existing breeding populations and varieties within breeding programs is the
first approach, the potential for micronutrient enhancement through deliberate selection from germplasm col-
lections is much greater than by selection within available breeding lines or varieties'>!?.

During more than 45 years of pearl millet breeding at ICRISAT, germplasm was largely studied for and sources
were identified for biotic and abiotic tolerance and yield component traits. However, very little information
and no systematic study is available on grain nutrients in the germplasm collection except for a few studies in
identifying variation for Fe and Zn in Iniadi germplasm'. Considering pearl millets role in addressing malnu-
trition issues in India and Africa, beyond the high Fe and Zn densities, investigating variability for macro- and
micronutrients adding another dimension to the genetic improvement of this crop. Therefore, this study aimed to
systematically characterize the genetic variability for grain micronutrients in a set of core collection accessions'*
and to identify promising sources for multiple nutrients as donors for the pearl millet biofortification breeding
program.

Results

Analysis of variances. ANOVA of the data on 212 accessions revealed highly significant mean squares
attributable to genotypes for 50% flowering, TGW, Fe, and Zn in individual seasons as well as in pooled analysis
over seasons (Table 1). Similarly, the genotypic mean squares for 39 accessions for 50% flowering, TGW, and all
micronutrients, except for K and P in the 2011 rainy season, were highly significant in individual seasons and
the pooled analysis over seasons, (Table 2). Although the mean square attributable to G x E interaction was sig-
nificant for most of the traits their values were lower compared to that attributable to genotypes. The proportion
of total variability, as judged by the sum of squares, explained by G xE interaction relative to that of genotype
was 17% for Fe, 25% for Zn, 18% for days to 50% flowering, and 24% for TGW in 212 accessions. In the ANOVA
involving 39 accessions, the G X E interactions were significant for 50% flowering, TGW, Zn, Cu, Molybdenum
(Mo), Ca, Mg, Sodium (Na), and non-significant for Fe, Mn, Nickel (Ni), K and Sulphur (S). The proportion of
total variability explained by G x E interaction relative to that of genotype was low to moderate for all the traits
(10-32%) except Cu (45%) and Mg (49%). The Bartlett’s test indicated homogeneity of error variances for most
traits except for Ni, K, and P.

Nutrient content in field soil. The mean available Fe and Zn contents in the experiential fields in the first
30 cm soil were 14.3 mg kg™! and 2.5 mg kg™, respectively in the 2011 summer season and 14.7 mg kg™ Fe and
9.9 mg kg™ Zn in the 2011 rainy season.

Genetic variability and heritability. Among the 212 core collection accessions, days to 50% flowering
ranged from 41 to 70 days in summer and from 39 to 72 days in the rainy season (Table 3). The overall mean
over the seasons was 56 days, and 97 accessions flowered early and took 41-55 days to 50% flowering. Based on
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Environment (E) Rep Genotype (G) GxE Error Bartlett

Trait df 1 2(1) 38 38 76(38) Mean SE CV (%) LSD test
Pooled 26.82* 158.87** 9.67 53 1.6 23 44

]f?jxse::’n g5°% S 57.28%* 53.64* 87.68** 15.2% 13.14 54 26 3 7.3 SIG
R 0.1 86.96** 6.11 52 1.7 25 5
Pooled 2.07 21.58** 1.54 11 0.6 7.1 17

TGW S 2.68 0.48 11.08% 2.81* 2.02 11 1 9.1 29 SIG
R 3.66 14.28% 1.02 11 0.7 75 2
Pooled 104.28 343.88% 43.09 70 33 2.6 9.2

Fe S 541.61%* 207.00* 217.52%* 61.44 32.59 72 4 2.8 116 NS
R 1.56 202.78** 55.79 68 53 34 15.1
Pooled 533 195.46** 31.54 52 2.8 32 7.9

Zn S 125.15% 551 142.66** 52.01* 2322 53 34 35 9.8 NS
R 5.15 109.36** 41.83 51 46 42 13.1
Pooled 12.86* 12.40% 3.48 14 0.9 7 26

Mn S 0.34 2.16 6.13* 3.12 3.39 14 13 8.3 37 NS
R 23.56* 9.02* 361 14 13 8.4 38
Pooled 0.48 2.26% 0.66 5.7 0.4 111 1.1

Cu S 25.79%* 0.96 1.91% 1.02* 0.56 6.2 05 117 15 NS
R 0 1.56* 0.84 52 0.6 156 1.9
Pooled 0.17* 0.42+ 0.04 14 0.1 232 03

Mo S 031" 0.18* 0.28* 0.08* 0.03 13 0.1 283 0.4 NS
R 0.17 0.26** 0.05 14 02 26.9 04
Pooled 0.07 0.20* 0.05 12 0.1 28.2 03

Ni S 1.58% 0.1 0.15* 0.05 0.07 13 02 323 0.5 SIG
R 0.04 0.11% 0.03 1 0.1 33.6 03
Pooled 1647+ 4040+ 455 173 10.7 19 30

Ca S 66,255%* 2852+ 3087** 1001%* 433 199 14.7 1.9 421 NS
R 443 2054+ 495 143 15.7 2.8 45
Pooled 71,230* 68,932+ 15,150 1333 615 0.6 173.3

Mg S 469,383** 8556 70,676** 33,490%* 13,305 1385 81.6 0.7 2335 NS
R 133,903 42,238 18,963 1266 97.4 0.8 278.8
Pooled 5.65 23.85%* 4.85 14 1.1 75 3.1

Na S 20.95* 235 19.69** 7.54* 457 13 15 9.1 43 NS
R 8.95 13.78% 5.11 14 16 8.8 46
Pooled 417,150 702,626 296,831 4164 272.4 0.4 767.3

K S 3,955,015 7424 516,745 208,042 174,612 4339 295.5 0.4 845.9 SIG
R 826,875 436,758 466,875 3963 483.2 06 1383.2
Pooled 114,572 475,523%F 125,801 3634 177.3 0.4 499.5

P S 7,002,492+ 113,906 377,698+ 176,710 62,939 3880 1774 03 507.9 SIG
R 115,238 298,483 223,238 3342 3341 05 956.5
Pooled 52,506* 66,357+ 13,266 1362 57.6 0.6 1622

S S 65,926 22,756 56,481%* 16,046 14,558 1382 85.3 0.7 2443 NS
R 82,256 30,641%* 11,853 1341 77 07 220.4

Table 2. Mean Squares for days to 50% flowering, 1000-grain weight (TGW) and nutritional traits of 39
of 212 core collection accessions evaluated during the 2011 summer and 2011 rainy seasons, Patancheru,

India. S summer, R rainy, SIG significant at the 0.05 probability, NS non-significant. Values in the parenthesis
are degrees of freedom (df) for individual environment. *,**Significant at the 0.05, 0.01 probability levels,
respectively.

a two-season evaluation of 212 accessions, TGW varied from 5 to 15 g and 91 accessions had higher TGW than
the trial mean (9 g). The Fe content based on XRF estimate varied from 34 to 90 mg kg™! and 102 accessions
showed higher Fe than the trial mean (71 mg kg™). The Zn estimated using XRF varied from 30 to 74 mg kg™
and 96 accessions showed a greater Zn content than the trial mean (49 mg kg™'). High estimates of heritability
in the broad sense were observed for all traits, 84% for Fe, 77% for Zn, 83% for days to 50% flowering, and 78%
for TGW.

Over two seasons evaluation of the selected 39 accessions, days to 50% flowering varied from 41 to 67 days,
and 18 accessions flowered earlier than the trial mean (53 days) (Table 3). TGW varied from 6 to 16 g with 17
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No. of entries
with greater
Range Mean trial mean CV %
Trait (39) (212) | (39) 212) | 39) |(12) | (39) |(212)
Days to 50% flower (d) 41-67 41-70 53.3 |56 18 112 23 |47
TGW (g) 6-16 5-15 11.1 |9 17 91 7.1 10.1
(mgkg™)
Fe 48-93 34-90 70.7 |54 19 102 26 |6.6
Zn 33-65 30-74 52.6 |49 23 96 32 |83
Mn 10-17 - 13.8 | - 19 - 70 |-
Cu 4-7 - 57 |- 21 - 1.1 | -
Mo 0.6-2.2 - 14 |- 18 - 232 |-
Ni 0.7-1.9 - 1.2 |- 19 - 282 |-
Ca 85-249 - 172.6 | - 19 - 19 |-
Mg 1127-1837 | - 1335.1 | - 15 - 06 |-
Na 8-22 - 140 |- 18 - 75 |-
3167-5133 | - 41744 | - 20 - 04 |-
P 2900-4733 | - 3644.7 | - 17 - 04 |-
S 1123-1703 | - 1366.9 | - 16 - 06 |-

Table 3. Range, mean, and coefficient of variation (CV%) for days to 50% flowering, 100-grain weight (TGW)
and nutritional traits in a set of 212 and 39 pearl millet core collection accessions evaluated during the 2011
summer and 2011 rainy seasons, Patancheru, India.

accessions had grain with larger TGW than the trial mean (11 g). The wet lab micronutrient analysis using ICP-
OES showed a greater variability for micronutrient contents. However, higher variability was observed for Ca
(85-249 mg kg™), Fe (48-93 mg kg™!), Zn (33-65 mg kg™!) and P (2900-4733 mg kg™'). Nineteen accessions
each for Ca and Fe, 23 accessions for Zn, and 17 accessions for P exceeded the trial mean of respective nutrients.
Mn content varied from 10 to 17 mg kg ™' and 19 accessions exceeded the trial mean (13.8 mgkg™). Variation for
Cu was 4-7 mg kg™! and 21 accessions surpassed the trial mean (5.7 mg kg™'). Mo varied from 0.6 to 2.2 mg kg™
and 18 accessions had higher Mo than the trial mean (1.4 mg kg™'). Mg varied from 1127 to 1837 mg kg™! and
15 accessions had higher Mg than the trial mean (1335 mg kg™'). Na varied from 8 to 22 mg kg™' and 18 acces-
sions had higher Na than the trial mean (14 mg kg™). K varied from 3167 to 5133 mg kg™! with 20 accessions
exceeded trial mean (4174 mg kg™). S varied from 1123 to 1703 mg kg™ with 16 accessions exceeded trial mean
(1367 mg kg™'). Eighteen accessions had higher Fe, 87 accessions had higher Zn than the controls (ICTP 8203,
70 mg kg™! Fe and 49 mg kg™ Zn) whereas 35, 5, 4, and 6 accessions exceeded the control, respectively, for Na,
Mg, P, K. High heritability was observed for all the traits (data not presented). Heritability varied from moderately
high (57%) to very high (91%). Very high heritability traits were days to 50% flowering (91%), TGW (87%), Fe
(83%), Mo (81%), Ca (77%), S (76%), Zn (75%), Ni (75%), Mn (74%), Na (70%), K (68%) and P (65%).

Nutrient-dense germplasm. To identify multiple nutrient germplasm data on 39 core collection acces-
sions (a subset of 212 accessions) that had data on all micronutrients with agronomic traits were considered.
The top 10 accessions having superior levels of each nutrient trait were selected except for Ni and Na, for which
the accessions having the lowest levels were selected as per desirability (Table 4). All these high nutreint-dense
accessions flowered in 45-67 days and had 6-16 g TGW. The low Ni and Na accessions also had a similar
range of flowering (45-67 days) and TGW (7-16 g). For instance, the top 10 nutrient specific accessions had
78-93 mg kg™ Fe content, 58-65 mg kg™ Zn content, and 201-249 mg kg™ Ca content. Of the 10 high-Fe acces-
sions, only one accession had >58 mg kg™ Zn and 4 accessions recorded high-Ca content (201-235 mg kg™).
This study also found the best accessions that had higher levels of multiple nutrients. The top 15 accessions were
identified considering high values for all the individual nutrients except for Ni and Na where the lowest 15 acces-
sions were taken into consideration (Table 5). These 15 accessions originated from five countries. The accessions
namely IP 9351, IP 11784, IP 12507, IP 9407, IP 3329, IP 3749, IP 7536, IP 5316, IP 4454, IP 9496, IP 14148, IP
12939, IP 11316, IP 7208 and IP 9572 had the best combinations of multiple nutrients. Of these 15, three acces-
sions (IP 9351 IP 9407, and IP 3329) were the best source for 11 nutrients while IP 11784 was a good source for
10 nutrients. Similarly, IP 12507 and IP 12939 were identified for the high value of 9 nutrients. Of these top 15
accessions, 10 accessions had a greater Fe (>72 mg kg™') and Zn (> 55 mg kg™") content while these had moder-
ate Ca content (161-239 mg kg™"). The top 15 accessions had a wider range of days to 50% flowering from 42 to
64 days and TGW ranging from low (7 g) to high (16 g).

Cluster analysis. All 212 core accessions were grouped into 8 distinct clusters (Supplementary Table $4,
Fig. 1a). The number of accessions in each cluster varied from 7 (in cluster 4) to 42 (in cluster-2). Clusterl and
cluster 5 consisted of 32 accessions each; cluster-3 consisted of 26 accessions, while 29, 23, and 21 accessions
were grouped into cluster 6, cluster 7, and cluster 8, respectively. The mean values of each cluster were signifi-
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Range
Days to 50% flowering
Trait Class | Top 10 accessions (IP#) with high trait value (mg kg™") (d) 1000-grain weight (g)
Fe High | 3329, 7536, 8972, 9301, 10,394, 12,682, 15,817, 17,620, 17,690, 17,707 | 46-60 7-14
7n High 3329, 3749, 4454, 10,471, 11,584, 11,784, 12,181, 13,900, 15,614, 51-63 6-12
17,217
Mn High 7536, 8972, 9572, 10,394, 13,384, 15,402, 15,614, 17,217, 17,620, 46-64 6-14
17,707
Cu High | 3329, 3626, 7208, 9351, 10,394, 12,507, 12,682, 13,384, 13,900, 15,614 | 46-60 6-14
Mo High 3329, 13,900, 15,614, 3749, 10,471, 11,316, 11,353, 11,584, 11,784, 51-67 6-16
17,217
Ni Low* 11,316, 12,682, 13,384, 7536, 11,320, 9407, 11,784, 14,148, 9416, 45-61 7_16
10,471
Ca High 15,402, 9416, 17,707, 9351, 15,614, 17,620, 11,584, 14,148, 7536, 5316 | 45-60 6-14
Mg High 15,614, 9572, 7208, 17,217, 7536, 3626, 3329, 4454, 12,507, 10,471 51-64 6-10
Na Low* | 5316, 13,384, 3626, 12,181, 17,690, 7838, 4454, 11,353, 10,471, 12,682 | 52-67 8-14
K High 9572, 10,471, 12,682, 11,584, 3329, 12,507, 14,148, 15,614, 11,316, 51-67 6-16
11,353
P High | 9572, 15,614, 3329, 7536, 12,507, 14,148, 7208, 10,471, 12,682, 17,217 | 51-64 6-11
S High 9572, 17,217, 12,507, 7536, 7838, 3329, 4454, 15,614, 3626, 11,784 51-64 6-10

Table 4. Top 10 core collection accessions with high value for each nutritional trait and their agronomic
performance based on evaluation during the 2011 summer and 2011 rainy seasons, Patancheru, India. *Low
quantity of Ni and Na is desirable.

Days
to 50% 1000-grain
Cluster no Fe Zn |Mn |Cu |Mo |Ni Ca Mg Na K P S flowering | weight

Accession Country Figure1b | mgkg! (d) (g)
1P 3329 India 1 78 62 14 7.3 1.9 1.4 155 1438 14 4800 4400 1533 60 7
1P 3749 India 2 78 56 17 5.9 1.2 0.8 204 1523 13 4367 4200 1577 58 9
1P 4454 India 2 91 57 16 3.9 0.7 1.3 212 1327 18 3867 3300 1195 56 8
IP 5316 Niger 2 82 51 17 6.1 1.3 1.1 235 1280 18 4400 3650 1400 57 11
1P 7208 India 1 93 47 16 5.9 1 1.9 180 1377 16 4433 3700 1303 53 7
1P 7536 India 1 82 57 10 7.2 1.5 0.7 119 1317 13 4900 4033 1237 58 7
1P 9351 Ghana 4 71 61 17 7.5 1.8 1.1 229 1837 22 4633 4500 1523 46 14
1P 9407 Ghana 4 64 59 16 5.6 2.2 13 179 1613 14 4400 4025 1638 45 13
IP 9496 Ghana 4 76 65 14 55 2.2 1.4 208 1333 16 4825 3650 1353 42 15
1P 9572 Ghana 1 72 61 12 5.4 1.8 0.9 105 1390 12 4967 4033 1455 64 10
IP 11316 Burkina Faso | 5 70 58 12 5.1 1.5 1.4 85 1420 11 3375 3400 1530 56 16
1P 11784 India 2 52 46 16 6.1 1.3 1.5 164 1740 20 5133 4733 1703 51 10
1P 12507 India 1 76 42 12 6.7 1.5 1.2 128 1405 15 4775 4100 1583 51 10
IP 12939 Ghana 4 74 56 11 6.6 1.5 1.2 161 1453 10 3767 3800 1480 43 13
1P 14148 Zimbabwe 5 69 55 12 53 1.2 0.9 205 1307 13 4667 4100 1298 59 10
Minimum value 52 42 10 4 1 1 85 1280 10 3375 3300 1195 42 7

Maximum value 93 65 17 7 2 2 235 1837 22 5133 4733 1703 64 16

Table 5. Core collection accessions with high values of multiple nutritional traits s based on evaluations in
the 2011 summer and 2011 rainy seasons, Patancheru, India. Values in bold indicate higher levels of multiple
nutrients except for Ni and Na where the lowest is desirable.

cantly different for all the traits. Clusters 1, 4, and 8 had higher mean value for both Fe (65-72 mg kg™) and Zn
(52-68 mg kg™!) densities. While cluster 2 and cluster 6 had accessions, which had lower cluster mean values for
Fe (42-45 mg kg™!) and low to moderate Zn (35-58 mg kg™'). Interestingly, all the accessions in cluster 8 also
had higher TGW (> 10 g, i.e. bold grains) and 67% of entries (14 accessions) in this cluster had early to medium
days to 50% flowering (41-50 days). Similarly, cluster 1 contained 44% of entries (14 accessions) with >10 g
TGW and medium to late flowering (50-66 days); while cluster 4 accessions were recorded with small grains
i.e. 7-9 g TGW but coupled with late flowering (>56-61 days). Accessions in clusters 8, 1, and 4 were found to
have more desired traits; these accessions will have contributed to higher Fe and Zn as well as large grains size.
Of the 212 accessions, 102 and 90 accessions exceeded the trial mean for Fe and Zn content, respectively, 18
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Figure 1. Cluster diversity showing the pairwise relatedness of (a) 212 pearl millet core collection accessions
based on grain Fe, grain Zn, and agronomic traits, (b) selected 39 pearl millet core collection accessions based
on 12-grain minerals and agronomic traits.
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Figure 1. (continued)

accessions surpassed Fe content of the control cultivar (ICTP 8203, 70 mg kg™ Fe and 49 mg kg™ Zn) for these
micronutrients contents and 11 of them were distributed to cluster 8, four in cluster 1, two in cluster 4, and one
in cluster 5 (Supplementary Table S4) Cluster 8 had the highest mean value for Fe, of the 21 genotypes in this
cluster 18 were from Africa and 3 genotypes, IP 17978, IP 10394, and IP17878 were from India and these had 64,
75, 80 mg kg™ Fe and 55, 47, 55 mg kg™! Zn, respectively. While cluster 4 had higher mean values for Zn and 4
of the 7 genotypes originated from India. Cluster 2 had the highest number of genotypes grouped and genotypes
in this cluster had lower values for both Fe and Zn, of the accessions, 16 (38%) were from India, and 26 (62%)
from Africa.

Cluster analysis of 39 accessions based on 14 traits, were grouped into five distinct clusters at 94% similar-
ity (Supplementary Table S5 and Fig. 1b). The number of accessions in the clusters varied from 6 accessions in
cluster 5, 7 each in clusterl and 3, 8 in cluster 4, and 11 in cluster 2. Cluster1 had higher cluster mean values
for Mg, P, S, Cu, and cluster 2 had lower cluster means for most of the traits including Fe. Cluster3 had higher
cluster mean values for Fe, Mn, and Ca, and cluster4 had higher cluster mean for TGW and lower value for days
to 50% flower, and cluster5 had a higher cluster mean for Zn, Mg, Mo, and K and the lower mean value for Ni.

Correlation among nutrients and flowering and grain weight. The estimates of Fe and Zn using
XRF and ICP were highly correlated in the study involving 212 and 39 accessions in the 2011 Summer season
(r=0.78-0.85 for Fe; 0.87-0.88 for Zn), in the 2011 Rainy season (r=0.74-0.0.86 for Fe; 0.85-0.89 for Zn and
over both seasons (r=0.82-0.83 for Fe; 0.0.89-0.92 for Zn). Based on two season pooled data, the correlation
analysis was conducted to determine the relationships among grain micronutrients, macronutrients, and with
two important agronomic traits (Table 6). Correlation between Fe and Zn was found highly significant and posi-
tive (r=0.43-0.51; p<0.01). Fe content was positively and significantly (p <0.05) correlated with Ca (r=0.33;
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Days to 50% 1000-grain
Crop Season | Trait flowering weight Fe Zn Mn Cu Mo Ni Ca Mg Na K P
S 1000-grain weight | —0.54**
R —0.52**
Pooled —0.57**
S Fe -0.06 -0.23
R -0.01 0.03
Pooled —-0.05 -0.09
S Zn 0.36* —0.45** 0.43**
R 0.22 -0.01 0.51**
Pooled 0.40* -0.33* 0.46**
S Mn 0.00 —-0.14 022 | -0.15
R 0.09 -0.21 0.00 |-0.15
Pooled 0.04 -0.19 0.13 | -0.16
S Cu 0.09 —-0.38* 0.02 |0.02 0.12
R 0.01 -0.09 0.24 |0.17 0.22
Pooled 0.10 -0.35* 0.15 |0.08 0.17
S Mo 0.44** -0.36* —-0.05 |0.47% | -0.20 0.27
R 0.38* —0.41** -0.12 | 0.30 -0.01 |-0.02
Pooled 0.49** —0.42** -0.11 |0.46** |-0.19 0.16
S Ni -0.09 -0.07 0.39* 1 0.30 0.19 0.14 0.06
R 0.03 -0.12 0.417* | -0.08 0.25 0.03 | -0.06
Pooled -0.05 -0.15 0.32* | 0.07 0.20 0.16 | -0.03
S Ca -0.11 -0.07 0.33* | 0.33* 0.41**| -0.01 | -0.16 0.19
R -0.09 0.22 0.22 | 0.06 0.53**| 029 |-0.29 |-0.03
Pooled -0.10 0.09 0.33* | 0.14 0.47**1 0.04 |-0.20 0.11
S Mg 0.41** -0.67** 0.13 | 0.34* 0.29 0.44**| 0.27 0.28 0.24
R 0.22 —0.42** -0.18 |0.08 0.46**| 0.32* 0.26 0.09 0.07
Pooled 0.53** —0.75** 0.02 |0.24 0.37* 0.41*%*|  0.39* 0.27 0.03
S Na -0.05 0.01 0.21 |-0.09 0.23 | -0.02 | -0.06 0.18 0.23 |0.27
R -0.04 0.00 -0.05 |-0.12 0.35* 0.04 0.05 0.32* | 0.03 |0.42*
Pooled -0.10 0.04 0.11 | -0.07 0.37* 0.01 0.01 0.24 0.20 |0.33*
N K 0.33* -0.15 0.01 |-0.08 0.30 0.21 0.06 0.18 0.23 | 0.52** 0.33*
R 0.32* -0.15 0.08 |0.16 0.20 0.20 0.36* 0.06 |-0.03 |0.39* 0.26
Pooled 0.43** -0.16 0.10 | 0.06 0.08 0.16 0.26 0.05 0.09 | 0.42%* 0.32*
S P 0.47** -0.61** 0.07 |0.32* 0.14 0.46**|  0.22 0.16 0.16 | 0.89** 0.14 | 0.64**
R 0.35* -0.37* -0.05 |0.20 0.32* 0.52**| 0.27 0.04 0.06 | 0.75** 0.29 | 0.70**
Pooled 0.57** -0.62** 0.03 |0.24 0.22 0.51**|  0.40* 0.11 0.02 | 0.83** 0.19 | 0.71**
S S 0.43** —0.66** 0.04 | 0.57** 0.02 0.37* 0.48%* 1 0.29 0.15 |0.72** | -0.05 |0.17 0.71**
R 0.45** —0.55** -0.03 |0.21 0.31* 0.47**|  0.31* 0.10 0.02 | 0.50** 0.14 |0.22 0.51**
Pooled 0.50** —0.73** -0.01 |0.36** 0.16 0.36* 0.44**| 0.23 |-0.02 |0.72** | -0.02 |0.18 0.66**

Table 6. Correlation among grain nutritional and agronomic traits in 39 core collection accessions evaluated
in the 2011 summer and 2011 rainy seasons, Patancheru, India. *,**Significant at 0.05, 0.01 probability levels,
respectively; S, Summer; R, Rainy.

p<0.05) and Ni content (r=0.32; p<0.05). Fe content had non-significant correlations with other micronutri-
ents (r=0.00 to —0.18). Zn content was positively and highly significantly (r=0.36-0.46; p<0.01) correlated
with Mo and S while non-significantly mostly positively correlated with other nutrients. A highly significant
and positive correlation of Mg with Na, P, K, S, Cu, and Mo was seen. Ca had a largely positive association with
all nutrients but was significantly associated only with Fe and Mn. Although P and K had a positive correlation
with other nutrients, significant correlations were observed only for P with K, Cu, Mo, and S whereas K was
associated with Mg and Na. Correlation between days to 50% flowering and TGW was negative and significant.
All the micronutrients recorded positive correlations with 50% flowering and highly positive and significant
correlation of days to 50% flowering with Zn, Mo, Mg, K, and P was seen. Fe content did not correlate with days
to 50% flower while Zn content recorded positive and significant correlation. On the other hand, the correlation
between Fe density and TGW was low negative and non-significant but a negatively significant correlation was
observed between Zn density and TGW. In general, TGW showed an undesirable correlation with almost all the
micronutrients, and correlation was highly significant with Mo, Mg, P, and S.
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Discussion

A large proportion of the global population suffers from micronutrient deficiency. Among the micronutrients,
Fe (60-80% population), Zn (30%), and Se (15%) deficiency is widespread®*. The social costs of micronutrient
deficiency are devastating to the countries as it results in anaemia (Fe deficiency) and impaired growth (Zn
deficiency). Lower intake of other micronutrients such as Mg (for cardiovascular diseases), osteoporosis (for
Ca), will lead to the condition of weak bones and teeth (P), hypokalemia (K). The availability of these important
micronutrients through the staple diet is a sustainable means to enhance global human capital. This is particularly
important in the case of several countries in sub-Saharan Africa and South Asia where pearl millet is a major
source of food, fodder and feed. To meet the micronutrient needs, developing nutrient-dense and agronomically
desirable cultivars is an important objective in pearl millet breeding at ICRISAT and elsewhere. Pear]l millet
biofortification breeding program targets breeding pipelines which will have >50% higher Fe and Zn content
(+30 mg kg™') over the existing hybrid parents and commercial varieties in Africa and India. To achieve such
challenging breeding targets, exploitation of genetic variability present in the gene bank is a fast-track approach
for the identification of mineral-dense accessions.

Core or mini core collection (10% of core collection or 1% of the entire collection)!® is a sound scientific
strategy to systematically and cost-effectively screen the large germplasm collection conserved in the genebank
globally. ICRISAT genebank conserves over 24000 accessions of pearl millet and its wild relatives (http://geneb
ank.icrisat.org/ accessed on 5 Jan 2020). A core collection consisting of 2094 accessions that representing a
diversity of the entire collection was developed by Upadhyaya et al.”®. This study involved a part (504 acces-
sions) of the core collection that was evaluated in two seasons at the ICRISAT Centre Patancheru, India for grain
nutrients and two agronomic traits. Estimation of nutrients in the grains may be influenced by their availability
in the soil in experimental fields. The estimated Fe and Zn content in the upper 30 cm soil in the experimental
fields were above the critical so as not to limit crop growth'”. Our results indicated that there was not any Fe and
Zn deficiency in the soil and thus no impact on proper phenotyping. Also, balanced nutrition is needed to be
emphasized to measure full genetic potential by applying respective micronutrients for creating uniform selection
environments. A similar recommendation was reported for pearl millet biofortified hybrids'®.

ANOVA of the 212 and 39 core collection accessions separately, indicated that the mean square attributable
to genotypes was highly significant indicating adequate variability in the accessions of a core collection for
micronutrients and agronomic traits (Tables 1 and 2). The mean squares attributable to the environment were
also significant for all the micronutrients except Mn and TGW for 39 accessions (Tables 1 and 2) indicating that
the two seasons that we used to evaluate the core collection accessions were different and adequate to differ-
entiate the genotypes. The role of G x E interactions was important but much less than that of genotypes as the
magnitude of the sum of squares due to genotypes was much greater than the G x E interaction (Tables 1 and 2).

High estimates of heritability were found for most of the micronutrients including Fe and Zn contents. The
lower G x E interactions and high heritability for micronutrients suggested the possibility of a good response to
selection. Similar high heritability and low G x E interaction for these traits have been reported in pearl millet'*-22.
Further, the relative performance of accessions did not markedly vary from one season to another which further
confirmed that the G x E influences are not affecting ranking and selection of the accessions for micronutrients®.

The present study revealed the several-folds variability for most of the essential nutrients as well as agronomic
traits such as TGW and days to 50% flowering (Table 3). Simultaneous improvement of different micronutrients
and agronomic traits is possible when they are not negatively correlated to each other and with agronomic traits.
Our study revealed that the Fe was positively correlated with Zn in both the seasons (r=0.43-0.51, p<0.01) and
in the pooled (r=0.46, p <0.01; Table 6) among highly selected core collection 39 accessions. A similar posi-
tive and highly significant correlation between Fe and Zn observed among 212 accessions in both the seasons
(r=0.57-0.69, p <0.01) and in the pooled (r=0.64, p <0.01), displaying that simultaneous selection for high-Fe
and Zn densities could be very successful in pearl millet. Such a positive direction correlation between Fe and
Zn has been reported in several pearl millet studies**!® 21240, This tight linkage among Fe and Zn densities
could be an indication of some physiological functions responsible for Fe and Zn uptake and translocation are
governed by similar genes or do not have an antagonistic effect. For instance, QTLs identified for Fe and Zn con-
tents are co-localized in pearl millet, thus hypothesizing a common transporting pathway’!. The biofortification
initiative led by HarvestPlus (a CGIAR program) recommended pearl millet biofortification breeding target is
for Fe while Zn can be improved as associated trait*>. The Zn content was positively correlated with Mo and
S indicated that these nutrients could be combined in biofortified lines. Similar reports on the increase in Zn
leading to an increase in the S in wheat grains®>**. The witness of highly significant and positive correlation of
Mg with Na, P, K, S, Cu, and Mo imply Mg can be improved with these nutrients and Mg could be playing an
important symbiotic role in assimilating these nutrients to grains). Bashir et al.>* reported a positive correlation
between Mg with P and a non-significant correlation with Na in pearl millet, a study in rice reported a positive
correlation between Mg with P and Cu®*. Given the observed positive association of Ca with Fe and Mn, this
will consistently increase these nutrient densities.

Flowering always had a positive correlation with all the nutrients, which shows the late-flowering accessions
had a longer time to accumulate nutrients than early flowering accessions. This could be of an artifact that influ-
ence of reduced grain weight in late-flowering accessions. Thus, higher nutrient content is observed in small
shrunken grains. Earlier studies in pearl millet reported a positive correlation between Fe and Zn with TGW
2024 Tn another study non-significant negative and positive correlation was observed between Fe and Zn with
TGW?, while Bashir et al.?> reported none of the micronutrients showed significant correlation with TGW. In
sorghum®**” and wheat™® reported Fe and Zn had a negative correlation with TGW. These negative linkages can
be broken in breeding populations using selective crosses involving contrasting genotypes and selection in larger
segregating populations.
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Ten top accessions of core collection were identified based on per se performance for each nutrient. Some of
the accessions were promising for more than one nutrient. Considering the importance of Ni in nitrogen metabo-
lism and fixation in crops, its adequacy critical for germination and crop growth®. However, an elevated level
of Ni causes stunted growth, chlorosis, nutrient imbalance in crops, and health burdens to humans, thus lower
level is desirable. The top 15 accessions with multiple nutrients (Table 5) were identified. These 15 accessions
originated from five countries in Africa (Ghana, Burkina Faso, Niger, Zimbabwe) and Asia (India) indicating
their geographical diversity. The clustering of 39 accessions (comes from 9 countries), indicating that these 15
accessions occurred in four of the five clusters. The seven accessions from India were clustered into two clusters;
cluster 1 had four accessions from India and one from Ghana whereas cluster 2 had three accessions from India
and one from Niger (Fig. 1b). These 15 multiple nutrients accession including six accessions with higher levels
for eight or more nutrients, also showed wide variability for days to 50% flowering (42-64 days) and TGW
(7-16 g) (Table 5). These germplasm resources can be exploited to improve the multiple nutrients in different
maturity and seed size that are missing in elite pear]l millet lines and hybrid parents. Using the core/mini core
approach multiple nutrient germplasm accessions have been identified in peanut*’, sorghum®, finger millet*,
foxtail millet*?, and kodo millet*, These core collection accessions offer diverse sources for traits introgression
and wider scope for selection for the improvement of target micronutrients in breeding populations. Recently,
the baseline for Fe and Zn has been established in the India national pearl millet cultivar release policy based
on micronutrient levels in commercial cultivars. This is mandatory for both summer and rainy season culti-
vars. It is very important to note that all 39 accessions (of which, 13 were from India) were found to exceed
the Indian pear]l millet cultivars baseline of 42 mg kg™' Fe and 32 mg kg™! Zn. While, 17 accessions including
eight accessions from India, exceeded the biofortification breeding Fe target (72 mg kg™!). Previous studies in
pearl millet'*** reported that high-Fe/Zn sources are largely or entirely from iniadi germplasm (early-maturing,
larger grain-size collections from Togo regions) and no reports on the availability of Indian origin germplasm
for higher micronutrients than iniadi. The present study revealed that there are 7 accessions from India that had
72-88 mg kg™! Fe content and 42-62 mg kg™ Zn content. This opens new opportunities for utilization in the
initial crossing program for developing parental pipelines to meet the national minimum standards for these
micronutrients*. Application genomic tools would help assess the genetic constitution and identify genetically
dissimilar accessions among these multiple nutrient accessions. Their use in the breeding programs will help in
the development of and dissemination of high Fe and Zn containing genotypes within high yielding breeding
pipelines to address both food and nutritional insecurity in a target millet region. A limited quantity of seed of
these lines is available from the ICRISAT Genebank under Standard Material Transfer Agreement.

Materials and methods

Plant materials and field evaluation. A set of 504 pearl millet accessions, that were part of the 2094
accessions of the core collection, originating from more than 25 countries representing major pearl millet grow-
ing regions of the world'® were used in this study (Supplementary Table S1). While developing the pearl millet
core collection, duplicates were excluded and only distinct accessions were included'®. These accessions were
grouped into four groups based on similar phenology using days to 50% flowering from the Genebank database.
Thus group 1 consisted of accessions that flowered in 40-60 days, group 2 in 61-70 days, group 3 in 71-80 days,
and group 4 in 81-120 days. Quantity of seed received from gene bank was limited, thus, trials were evaluated in
two sets following an augmented design*® in the 2009 summer season (February-June) with two controls, ICMB
88004 and ICTP 8203 at every 10th accessions at the ICRISAT, Patancheru, India (17.53°N latitude, 78.27°E
longitude, and 545msl), in the alfisols. ICMB 88004 is a potential breeding line derived directly from germplasm
and ICTP 8203 a popular variety derived from landraces**. Each accession was planted in one row of 4 m in
length with the row-to-row spacing of 60 cm. The distance between plants within a row was maintained at 10 cm
by thinning at 10-12 days after planting. A basal dose of diammonium phosphate at 100 kg ha™! (i.e., 18 kg N
and 46 kg P) was applied before planting with 100 kg ha™" of urea (i.e., 46 kg N) side-dressed 15 days after plant-
ing. The field was manually weeded just after thinning and irrigated at every 10 days interval to protect from
any moisture stress. At the time of panicle emergence, the main panicles of 6-8 plants in each plot were covered
with parchment paper bags for selfing. All the selfed panicles were harvested at/or after physiological maturity
and sundried for 10-15 days before threshing. Due to very late flowering (>75 days), we could not harvest the
grains from some accessions as the field was maintained till 110 days. Few accessions also had a poor self-seed
set (<10%). Seventy-six accessions that matured late and had poor seed set were not included and selfed seed
from 428 accessions was used for grain micronutrient analysis as described below.

Selection and re-evaluation in two seasons. Based on agronomic performance and high grain Fe con-
tent (>70 mg kg™!), 212 accessions (Supplementary Table S2) out of 428 from 18 countries were selected for
further field evaluations. These 428 accessions had 71-185 mg kg™! Fe and 48-116 mg kg™! Zn with days to 50%
flowering ranging between 44 and 66 days in the 2009 summer season. The selected 212 accessions and two
controls (ICTP 8203 and ICMB 88004) were planted in a randomized complete block design (RCBD) using 2
replications in the 2011 summer and rainy seasons at ICRISAT, Patancheru. Of the 212 accessions, a set of 39
accessions seeds (Supplementary Table S3) having high-Fe, 1000-grain weight (TGW) were analyzed for all-
grain nutrients using ICP-OES at Waite Analytical laboratory, Adelaide University, Australia. The alfisol fields at
the ICRISAT are precision fields with a gentle slope of 0.5%. The planting, plant spacing, and crop-management
practices were similar as described above except the row to row spacing of 75 cm in the 2011 rainy season. Days
to 50% flowering were recorded on a plot basis when at least 50% of plants in an accession had full exsertion of
stigmas. Considering the high cost of self-seed production and good reliability of open-pollinated grain samples
in pearl millet for estimation of nutrients*’, about 8-10 random open-pollinated main panicles from each plot
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were harvested in a cloth bag at after physiological maturity. These were hand threshed and approximately 20 g
of grains were collected from each plot for determining 1000-grain weight (TGW) and for use in grain micronu-
trient analysis (described below). For estimating TGW a random sample of 200 grains was used from each plot,
weighed, and multiplied with a factor of five.

Micronutrient analysis. Selfed-seed samples from 428 accessions in the 2009 rainy season were analyzed
for grain micronutrients using Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) follow-
ing the method described by Wheal et al.*® at Waite Analytical laboratory, Adelaide University, Australia. Briefly,
grain samples were oven-dried overnight at 85 °C prior to digestion, grounded enough to pass through a 1 mm
stainless steel sieve using Christie and Norris hammer mill, and stored in screw-top polycarbonate vials. Grain
samples were digested with di-acid (nitric and perchloric acid) mixture. After digestion, the volume of the digest
was made to 25 mL using distilled water, and the content was agitated for 1 min by a vortex mixer. These digests
were used for determination using ICP-OES. All 212 replicated accessions samples from the 2011 summer and
rainy seasons were analyzed using X-ray Fluorescence (XRF) Spectrophotometry at ICRISAT, Patancheru, India.
Destructive (wet lab) micronutrient analytical cost is very high, adding additional cost burdens to the breeding
program when dealing with larger and replicated germplasm samples. Therefore, the present study explored the
potential use of X-ray Fluorescence (XRF) Spectrophotometry for Fe and Zn content. XRF analysis, a scanning
based method® was used to estimate Fe and Zn. Briefly, XRF uses aluminium sample cups of 30 mm diameter,
36 mm depth and >20 g of grain weight capacity, combined with polypropylene inner cups sealed at one end
with 4 pm Poly-4 XRF sample film. Cups in a batch of 10 were filled with 8-12 g of grain and were shaken to
distribute grain evenly within the cup, which was then loaded in the XRF instrument holder. The XRF method
is highly reliable in pear] millet and the readings were positively and significantly correlated (r>0.90 for Fe and
Zn) with the ICP method®" *2. Experiment field representative soil samples collected from the top 30 cm layer
were analyzed for extractable Fe and Zn content using atomic absorption spectroscopy (AAS) as described by
Lindsay and Norvell®.

Statistical analyses. Analysis of variance (ANOVA) of all the trials was performed for both individual
environments and pooled data using the PROC GLM procedure in SAS 14.1 software®. Genotypes (accessions)
were considered as random and environment (season) as fixed. Variance attributable to genotypes (0%g) in indi-
vidual seasons and pooled over two seasons were estimated for all traits. In the pooled analysis, o°ge) variance
components were estimated for all traits. The homogeneity of error variance for different seasons was tested by
Bartlett’s test®, which is sensitive to departures from normality®. Broad-sense heritability (H?b) was estimated
across environments using the following formula

H’b = o’g/[o’g + (o°ge) /e) + (c’error/re)],

where 0°g is the genotypic variance, o’ge is the genotype X environment interaction variance, and oerror is
the residual variance, r is the number of replications and e is the number of environments. The cluster analysis
was carried out using R v3.5.1°7 and the clustering of genotypes was performed using Ward’s®® methods. The
significance of differences between cluster mean values were tested following the Newman-Keuls procedure®*.
Phenotypic correlations were estimated among all the traits in each environment and pooled data and between
XRF and ICP for 39 accessions and tested for significance®. Promising core collection accessions for Fe, Zn, and
other micronutrients were identified based on the per se performance.

Received: 22 September 2020; Accepted: 18 November 2020
Published online: 03 December 2020

References
1. White, P. ]. & Broadley, M. R. Biofortifying crops with essential mineral elements. Trends Plant Sci. 10(12), 586-593 (2005).
2. Kennedy, G., Nantel, G. & Shetty, P. The scourge of “hidden hunger”: global dimensions of micronutrient deficiencies. Food Nutr.
Agric. 32, 8-16 (2003).
3. Combs, G. E Selenium in global food systems. Br. J. Nutr. 85(5), 517-547 (2001).
4. Larsson, S. C. & Wolk, A. Magnesium intake and risk of type 2 diabetes: a meta-analysis. J. Intern. Med. 262(2), 208-214 (2007).
5. Rodriguez-Moran, M., Mendia, L. E. S., Galvan, G. Z. & Guerrero-Romero, F. The role of magnesium in type 2 diabetes: a brief
based-clinical review. Magnes. Res. 24(4), 156-162 (2012).
. Tucker, K. L. Osteoporosis prevention and nutrition. Curr. Osteoporos. Rep. 7(4), 111 (2009).
7. Ross, A. C. et al. The 2011 report on dietary reference intakes for calcium and vitamin D from the Institute of Medicine: what
clinicians need to know. J. Clin. Endocrinol. Metab. 96(1), 53-58 (2011).
8. Bae, Y.].,, Choi, M. K. & Kim, M. H. Manganese supplementation reduces the blood cholesterol levels in Ca-deficient ovariectomized
rats. Biol. Trace Elem. Res. 141(1-3), 224-231 (2011).
9. Darnton-Hill, I. et al. Micronutrient deficiencies and gender: social and economic costs. Am. J. Clin. Nutr. 81(5), 11985-1205S
(2005).
10. Stein, A. J. Global impacts of human mineral malnutrition. Plant Soil 335(1-2), 133-154 (2010).
11. Upadhyaya, H. D., Yadav, D., Reddy, K. N., Gowda, C. L. L. & Singh, S. Development of pearl millet minicore collection for
enhanced utilization of germplasm. Crop Sci. 51(1), 217-223 (2011).
12. Gabelman, W. H., & Gerloff, G. C. The search for and interpretation of genetic controls that enhance plant growth under deficiency
levels of a macronutrient. In Genetic Aspects of Plant Nutrition. 379-394 (Springer, Dordrecht, 1983).
13. Graham, R. D. & Welch, R. M. Breeding for Staple Food Crops with High Micronutrient Density (Intl. Food Policy Res. Inst, Wash-
ington, 1996).
14. Rai, K. N. et al. Iniadi pear] millet germplasm as a valuable genetic resource for high grain iron and zinc densities. Plant Genet.
Resour. 13, 75-82 (2015).

[=2)

Scientific Reports |

(2020) 10:21177 | https://doi.org/10.1038/s41598-020-77818-0 nature research



www.nature.com/scientificreports/

15. Upadhyaya, H. D., Gowda, C. L. L., Reddy, K. N. & Singh, S. Augmenting the pearl millet core collection for enhancing germplasm
utilization in crop improvement. Crop Sci. 49(2), 573-580 (2009).

16. Upadhyaya, H. D. & Ortiz, R. A mini core collection for capturing diversity and promoting utilization of chickpea genetic resources
in crop improvement. Theor. Appl. Genet. 102, 1292-1298 (2001).

17. Tisdale, S. L., Nelson, W. L. & Beaton, J. B. Soil Fertility and Fertilizers 5th edn. (Macmillan Pub. Co, New York, 1993).

18. Govindaraj, M., Kanatti, A., Rai, K. N. & Satyanarayana, T. Does soil micronutrient variability in test locations influence perfor-
mance of biofortified pearl millet in India?. Better Crops South Asia 9(11), 1 (2019).

19. Govindaraj, M. et al. Combining ability and heterosis for grain iron and zinc densities in pearl millet. Crop Sci. 53, 507-517 (2013).

20. Kanatti, A. et al. Grain iron and zinc density in pearl millet: combining ability, heterosis and association with grain yield and grain
size. SprigerPlus 3,763 (2014).

21. Kanatti, A. et al. Relationship of grain iron and zinc content with grain yield in pearl millet hybrids. Crop Improv. 41(1), 91-96
(2014).

22. Rai, K. N. et al. Grain iron and zinc densities in released and commercial cultivars of pearl millet. Indian J. Agric. Sci. 86(3), 291-296
(2016).

23. Garvin, D. E, Welch, R. M. & Finley, ]. W. Historical shifts in the seed mineral micronutrient concentration of US hard red winter
wheat germplasm. J. Sci. Food Agric. 86, 2213-2220 (2006).

24. Velu, G. et al. Prospects of breeding biofortified pearl millet with high grain iron and zinc content. Plant Breed. 126, 182-185
(2007).

25. Bashir, E. M. A. et al. Characterization of Sudanese pear] millet germplasm for agro-morphological traits and grain nutritional
values. Plant Genet. Resour. 12, 35-47 (2014).

26. Rai, K. N., Govindaraj, M. & Rao, A. S. Genetic enhancement of grain iron and zinc content in pearl millet. Qual. Assur. Saf. Crop.
4,119-125 (2012).

27. Rai, K. N. et al. Breeding pearl millet cultivars for high iron density with zinc density as an associated trait. J. SAT Agric. Res. 11,
1-7 (2013).

28. Kanatti, A., Rai, K. N., Radhika, K. & Govindaraj, M. Tester effect on combining ability and its relationship with line performance
per se for grain iron and zinc densities in pearl millet. Crop Sci. 56, 689-696 (2016).

29. Anuradha, N. et al. Evaluation of pearl millet [Pennisetum glaucum (L.) R. BR.] for grain iron and zinc content in different agro
climatic zones of India. Indian J. Genet. 77(1), 65-73 (2017).

30. Pujar, M., Govindaraj, M., Gangaprasad, S., Kanatti, A. & Shivade, H. Genetic variation and diversity for grain iron, zinc, protein
and agronomic traits in advanced breeding lines of pearl millet [Pennisetum glaucum (L.) R. Br.] for biofortification breeding.
Genet. Resour. Crop Evol. https://doi.org/10.1007/s10722-020-00956-x (2020).

31. Kumar, S. Mapping quantitative trait loci controlling high iron and zinc content in self and open pollinated grains of pearl millet
[Pennisetum glaucum (L.) R. Br.]. Front. Plant Sci. 7(1636), 01-16 (2016).

32. Pfeiffer, W. et al. Biofortification in underutilized staple crops for nutrition in Asia and Africa. In Regional Expert Consultation
on Underutilized Crops for Food and Nutritional Security in Asia and the Pacific—Thematic, Strategic Papers and Country Status
Reports. 70-81. (Asia-Pacific Association of Agricultural Research Institutions (APAARI), 2018).

33. McDonald, G. K. & Mousavvi, N. M. Increasing the supply of sulphur increases the grain zinc concentration in bread and durum
wheat. The Proceedings of the International Plant Nutrition Colloquium XVI. UC Davis: Department of Plant Science, UC Davis.
Retrieved from: http://escholarship.org/uc/item/43k2r1h8 (2009).

34. Khokhar, J. S. et al. Variation in grain Zn concentration, and the grain ionome, in field-grown Indian wheat. PLoS ONE 13(1),
€0192026 (2018).

35. Zeng, Y. W. et al. Correlation of plant morphological and grain quality traits with mineral element contents in Yunnan rice. Rice
Sci. 12(2), 101-106 (2005).

36. Kayode, A. P. P, Linnemann, A. R., Hounhouigan, J. D., Nout, M. J. R. & van Boekel, M. A.J. S. Genetic and environmental impact
on iron, zing, and phytate in food sorghum grown in benin. J. Agri. Food Chem. 54, 256-262 (2006).

37. Reddy, P. S. et al. Association of grain Fe and Zn contents with agronomic traits in sorghum. Indian J. Plant Genet. Resour. 23(3),
280-284 (2010).

38. Hussain, S., Magsood, M. A., Rengel, Z. & Khan, M. K. Mineral bioavailability in grains of Pakistani bread wheat declines from
old to current cultivars. Euphytica 186, 153-163 (2012).

39. Gupta, V, Jatav, P. K., Verma, R., Kothari, S. L. & Kachhwahae, S. Nickel accumulation and its effect on growth, physiological and
biochemical parameters in millets and oats. Environ. Sci. Pollut. Res. 24, 23915-23925 (2017).

40. Upadhyaya, H. D., Dronavalli, N., Singh, S. & Dwivedi, S. L. Variability and stability for kernel iron and zinc contents in the
ICRISAT mini core collection of peanut. Crop Sci. 52, 2628-2637 (2012).

41. Upadhyaya, H. D., Dwived, S. L., Singh, S., Sahrawat, K. L. & Singh, S. Genetic variation and post-flowering drought effects on
seed iron and zinc in icrisat sorghum mini core collection. Crop Sci. 56(1), 374-384 (2016).

42. Upadhyaya, H. D. et al. Genetic diversity for grain nutrients contents in a core collection of finger millet (Eleusine coracana (L.)
Gaertn.) germplasm. Field Crops Res. 121, 42-52 (2011).

43. Upadhyaya, H. D. et al. Identification of trait-specific germplasm and developing a mini core collection for efficient use of foxtail
millet genetic resources in crop improvement. Field Crops Res. 124, 459-467 (2011).

44. Vetriventhan, M. & Upadhyaya, H. D. Variability for productivity and nutritional traits in germplasm of kodo millet, an underu-
tilized nutrient-rich climate smart crop. Crop Sci. 59(3), 1095-1106 (2019).

45. AICPMIP. 2017. Proceedings of the 52nd annual pearl millet workshop all India coordinated research project on pearl millet held
at Punjab Agricultural University Ludhiana (Punjab) April 28-30. pp 20. http://www.webcitation.org/77CyLgpt6 (2017).

46. Federer, W. T. Augmented designs with one-way elimination of heterogeneity. Biometrics 17, 447-473 (1961).

47. Rai, K. N. et al. Registration of “ICTP 8203” pearl millet. Crop Sci. 30(4), 959 (1990).

48. Rai, K. N,, Rao, A. S. & Hash, C. T. Registration of pearl millet parental lines ICMA 88004 and ICMB 88004. Crop Sci. 35(4), 1242
(1995).

49. Rai, K. N., Govindaraj, M., Pfeiffer, W. H. & Rao, A. S. Seed set and xenia effects on grain iron and zinc density in pear] millet.
Crop Sci. 55, 1-7 (2015).

50. Wheal, M. S., Fowles, T. O. & Palmer, L. T. A cost-effective acid digestion method using closed polypropylene tubes for inductively
coupled plasma optical emission spectrometry (ICP-OES) analysis of plant essential elements. Anal. Methods 3, 2854-2863 (2011).

51. Paltridge, N. G., Palmer, L. J., Milham, P. ., Guild, G. E. & Stangoulis, ]. C. R. Energy-dispersive X-ray fluorescence analysis of zinc
and iron concentration in rice and pearl millet grain. Plant Soil 361, 251-260 (2012).

52. Govindaraj, M., Rai, K. N,, Pfeiffer, W. H., Kanatti, A. & Shivade, H. Energy-dispersive X-ray fluorescence spectrometry for cost-
effective and rapid screening of pearl millet germplasm and breeding lines for grain iron and zinc density. Commun. Soil Sci. Plant
Anal. 47(18), 2126-2134 (2016).

53. Lindsay, W. L. & Norvell, W. A. Development of a DTPA test for zinc, iron, manganese and copper. Soil Sci. Soc. Am. ]. 42, 421-428
(1978).

54. SAS Institute Inc. SAS/STAT 14.1 User’s Guide (SAS Institute Inc, Cary, 2015).

55. Bartlett, M. S. Properties of sufficiency and statistical tests. Proc. Roy. Soc. A 160, 268-282 (1937).

56. Snedecor, G. W. & Cochran, W. G. Statistical Methods 8th edn. (Iowa State University Press, Iowa, 1989).

Scientific Reports|  (2020) 10:21177 | https://doi.org/10.1038/s41598-020-77818-0 nature research


https://doi.org/10.1007/s10722-020-00956-x
http://escholarship.org/uc/item/43k2r1h8
http://www.webcitation.org/77CyLgpt6

www.nature.com/scientificreports/

57. R Core Team. R: A Language and Environment for Statistical Computing https://www.R-project.org/ (R Foundation for Statistical
Computing, Vienna, Austria, 2018).

58. Ward, J. H. Hierarchical grouping to optimize an objective function. J. Am. Stat. Assoc. 58, 236 (1963).

59. Newman, D. The distribution of range in samples from a normal population expressed in terms of an independent estimate of
standard deviation. Biometrika 31, 20-30 (1939).

60. Keuls, M. The use of the ‘Studentized range’ in connection with an analysis of variance. Euphytica 1, 112-122 (1952).

Acknowledgements

This study was undertaken as a part of the CGIAR Research Program on A4NH. The authors acknowledge the
funding support from the HarvestPlus Challenge Programme of the CGIAR, and laboratory support provided
by Waite Analytical Services, University of Adelaide, Australia, for grain nutrients analysis of grain samples.
Funding was provided by HarvestPlus (Grant No. HP#5310).

Authors’ contributions

M.G. conceptualized the study; K.N.R. and M.G. designed the experiments; H.D.U. contributed experimental
materials; A.S.R., A.K.,, and H.S. executed the field/lab experiments and data collection; A.K., M.G., and H.S.
analyzed the data and prepared tables and figures; M.G., A.K., H.D.U,, and K.N.R. interpreted the results. All
the authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77818-0.

Correspondence and requests for materials should be addressed to M.G.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

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

© The Author(s) 2020

Scientific Reports |

(2020) 10:21177 | https://doi.org/10.1038/s41598-020-77818-0 nature research


https://www.R-project.org/
https://doi.org/10.1038/s41598-020-77818-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Exploring the genetic variability and diversity of pearl millet core collection germplasm for grain nutritional traits improvement
	Results
	Analysis of variances. 
	Nutrient content in field soil. 
	Genetic variability and heritability. 
	Nutrient-dense germplasm. 
	Cluster analysis. 
	Correlation among nutrients and flowering and grain weight. 

	Discussion
	Materials and methods
	Plant materials and field evaluation. 
	Selection and re-evaluation in two seasons. 
	Micronutrient analysis. 
	Statistical analyses. 

	References
	Acknowledgements


