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Abstract: Pigeonpea is a protein-rich legume which is consumed worldwide in a variety of forms
(whole seed, dhal, and as a green vegetable). In India, pigeonpea is milled to yield dhal (cotyledon)
and this process generates 25–35% waste byproducts. The hull (seed coat) which accounts for 10% of
the byproduct is disposed of either as waste or low-cost cattle feed. To recycle the waste byproducts
into the food value chain, this study was conducted with the objectives: (i) to estimate nutrient
accumulation in the major seed fractions (cotyledon and seed coat), (ii) to estimate the percentage
of nutrient contribution by major seed fractions, (iii) to assess the percentage of nutrient loss due
to dehulling, and (iv) to determine the scope of seed coat in nutritional value addition. For this,
a subset of 60 diverse pigeonpea accessions selected from 600 pigeonpea accessions raised during
the 2019 and 2020 rainy seasons at ICRISAT, Patancheru, India, was subjected to a cotyledon and
seed coat nutrient analysis. The three-way analysis of variance revealed the significant influence of
cropping years, seed fractions, genotypes, and their interactions on nutrient accumulation. The nu-
trients, namely protein (32.28 ± 2.29%), P (476.51 ± 39.05 mg/100 g), K (1557.73 ± 66.82 mg/100 g),
Fe (4.42 ± 0.41 mg/100 g), Zn (2.25 ± 0.21 mg/100 g), and Cu (0.95 ± 0.07 mg/100 g) were enriched
in cotyledon. Mn was equally enriched in both the cotyledon and seed coat (1.02 ± 0.12 mg/100 g and
0.97 ± 0.34 mg/100 g, respectively). The seed coat had a high concentration of Ca (652.02 ± 114.82 mg/100 g),
and Mg (249.19 ± 34.12 mg/100 g) with wide variability for Fe (2.74–5.61 mg/100 g), Zn (0.88–3.95 mg/100 g),
Cu (0.38–1.44 mg/100 g), and Mn (0.58–2.18 mg/100 g). It is noteworthy that the protein and P contents in
the cotyledon were 7 and 18 times higher than that in the seed coat, respectively, and the Ca content
in the seed coat was 12 times higher than that in the cotyledon. A correlation study revealed that for
overall nutrient improvement in dhal, selection for a small seed size was desirable. On an average,
the percentage of nutrient contribution by major seed fractions revealed that the cotyledon portion
contributed around 95% protein and P; 90% K and Zn; 85% Fe, Cu, and Mn; and 75% Mg, while the
seed coat portion contributed nearly 65% Ca to the whole grain. The findings of high Fe and protein
concentrations in the cotyledon and high Ca accumulation in the seed coat can serve as a new guide
for improved technological fractionation of these components to serve as a novel functional food
ingredient and as a dietary supplement that can address malnutrition.
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1. Introduction

Pigeonpea is a pulse crop grown mostly in the semi-arid tropics, which serves as an
affordable main or alternate protein source for the major populations in Asia and Africa.
India is the major consumer, and accounted for 82% and 77% of global pigeonpea cultivation
and production for the year 2020 [1]. In addition to protein, pigeonpea has an appreciable
amount of Ca, Mn, crude fiber, fat, and trace elements [2]. Pigeonpea is consumed in
a variety of forms such as dhal (dehulled grain), whole grain, and green vegetable. In
combination with cereal as a fermented food, it is consumed as tempeh, dhokla, dhal patties,
adai, and kadaba [3].

Consumption of pigeonpea is reported either with the seed coat (whole grain) or
without the seed coat (dhal). In Africa, pigeonpea is mostly consumed with the seed coat
due to a lack of local processing facilities in rural areas [4]. Hence, understanding the
nutritional composition of various seed parts is important. The anatomical parts of pulse
seeds vary in chemical composition and the whole seed remains inhomogeneous as that
in cereals. Singh et al. (1968) [5] studied the nutritional composition in different seed
components of seven major cultivated pulses of India including pigeonpea and reported
the enrichment of ash, protein, ether extract, nitrogen-free extract, and phosphorus in the
cotyledon and high density of Ca and Fe in the seed coat. Adding to this, Moraghan et al.
(2006) [6] reported the differential accumulation of Ca and Mg in soybean and common
bean seed coats. Another study conducted on common bean reported a high concentration
of Ca, Fe, Zn, and Cu in the seed coat with narrow variation for potassium between the
seed coat and embryo [7]. Blair et al. (2013) [8] reported that most of the micronutrients (B,
Cu, Fe, K, Mn, P, and S) were concentrated in the cotyledon, and very few nutrients such as
Ca and Mg were predominant in the seed coat, with Zn being equally enriched in both the
fractions in common bean.

Pulses, in general, are processed to reduce the anti-nutritional factors, improve con-
sumer acceptability, and increase nutrient bioavailability [9]. Milling of pigeonpea yields
65–75% dhal and 25–35% byproducts [10]. The major byproducts of pigeonpea processing
are pigeonpea brokens (3–8%), powder (15%), and hull (10%) [11]. However, some work
has been conducted to add value to these byproducts. Silky et al. (2014) [12] used broken
flour to prepare high protein-rich biscuits. The proteinaceous powder fraction produced
by denuding the outer layer of cotyledon has been found to be a novel nutraceutical pro-
tein [13]. Pulse seed coat remains to be an under-utilized human food despite high fiber,
substantial nutrient content, and phytochemicals [9]. However, very few pulses, namely
pea and lupin, find their seed coat flour application as a commercial dietary fiber ingredient.
Dalgetty and Baik (2006) [14] fortified wheat bread with high fiber from peas, chickpea, and
lentil seed coat flour (up to 7%). The chickpea hull flour (5%) was found to improve the
quality of low-fat chicken nuggets [15]. Replacement of wheat flour, up to 21%, with broad
bean seed coat flour has been shown to create no impact on the texture and volume of the
bread [16]. Despite high fiber content, the mineral content in the seed coat was appreciable.
The use of lentil, pea, and faba bean seed coats in noodle production amplified the crude
ash, dietary fiber, Ca, and Mg content [17].

The production of waste byproducts from the processing industry is inevitable and
identified as a potential source of proteins, lipids, starch, micronutrients, bioactive com-
pounds, and dietary fibers [18]. In fact, these compounds were better enriched in the
byproducts than in the final processed product [19]. However, effective and efficient use
of agro-industrial waste in generating functional foods and dietary supplements (sec-
ondary agriculture) can address malnutrition, promote health standards, reduce the impact
of waste on the environment, and generate economic gains [18]. The high demand for
nutraceuticals from consumers and food producers has also created a huge market [20].
Byproducts’ recycling in cereals, vegetables, and fruits has been performed extensively,
whereas pulses remain underutilized. Exploring the bioactive compounds in pulse milling
byproducts could find its application in the field of nutraceuticals.
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Pigeonpea is the second most cultivated legume crop in India, which generates ap-
proximately 0.39 million tons of hull (calculated as 10% of grain) by processing 3.89 million
tons of grain (production for the year, 2020) [1]. Processing in pigeonpea is inevitable
and necessitates proper waste byproduct management. The pigeonpea whole grain
(154.12 ± 24.23 mg Ca/100 g, unpublished data) [21] contain approximately 40% of the
calcium content found in popularly known staple coarse grain for calcium such as finger
millet (364 ± 58 mg/100 g) [22]. Further, few pulses have been reported to have higher Ca
accumulation in the seed coat than in the whole grain and/or cotyledon [5,8]. In cereals, the
bran portion has been found to be rich in Fe and Zn [23,24] and few legumes had similar
enrichment in the seed coat. However, with the basic information available on whole
grain calcium content, it will be interesting to study the variation available for calcium
content and other nutrients in major seed fractions. Calcium is an important mineral for
bone formation and strengthening especially in critical growth stages of children, therefore,
it would be interesting for researchers, pharmaceutical, and food industries to see how
this calcium and other nutrients that are usually lost during the dehulling process can be
brought back to the food value chain. This further requires adequate evidence on calcium
and other nutrient content of the hull extracted from various pigeonpea cultivars.

With this background, this study was conducted with the objectives: (i) to estimate
the nutrient contents in major seed fractions (cotyledon including embryo, and seed coat),
(ii) to estimate the percentage of the nutrient contribution by the cotyledon (dhal) and the
seed coat (hull) to the whole grain, (iii) to assess the nutrient loss due to dehulling and
(iv) to determine the scope of the seed coat in terms of nutritional value addition.

2. Materials and Methods

This study was designed to estimate the nutrient contents in the cotyledon and seed
coat fractions of 60 pigeonpea accessions (Table S1). The 60 diverse pigeonpea accessions
were selected from 600 pigeonpea accessions evaluated during the 2019 rainy and 2020 rainy
seasons. The genetic resources used were the germplasms conserved at the Rajendra Singh
Paroda Genebank, ICRISAT, Patancheru, India.

2.1. Field Layout and Soil Properties

The 600 pigeonpea accessions along with two controls were planted in an augmented
design during the rainy seasons of 2019 and 2020. The field trial for both the cropping
years was conducted in Alfisols at ICRISAT, Patancheru, India (located at 17.51◦ N latitude,
78.27◦ E longitude, and 545 m above mean sea level). As per the USDA soil taxonomy, the
soil belongs to the fine loamy mixed isohyperthermic family of Udic Rhodustalf. The top
30 cm of soil in the experimental field had 7.22 pH, 0.07 dS/m EC, 0.42% organic matter,
7.5 mg/kg P, 67 mg/kg K, 1116 mg/kg exchangeable Ca, 368 mg/kg of exchangeable Mg,
6.1 mg/kg Fe, 1.39 mg/kg Zn, 1.34 mg/kg Cu, and 18.53 mg/kg Mn in the 2019 rainy
season and 6.97 pH, 0.08 dS/m EC, 0.45% organic matter, 18.67 mg/kg P, 79 mg/kg K,
1057 mg/kg exchangeable Ca, 340 mg/kg of exchangeable Mg, 8.93 mg/kg Fe, 4.24 mg/kg
Zn, 1.25 mg/kg Cu, and 17.54 mg/kg Mn in the 2020 rainy season.

2.2. Agronomic Practices

For each cropping season, the agronomic practices started with the basal application
of DAP (diammonium phosphate) at a rate of 100 kg/hectare. The sowing was performed
in the last week of July in both the cropping seasons. Each accession was sown in a 4 m
row with an inter-row spacing of 75 cm. Seedlings were thinned 21 days after sowing
to maintain optimum plant density with a plant-to-plant spacing of 25 cm. Optimum
field conditions were maintained throughout the cropping season following an approved
package of practices. After harvesting, the yield from every single plant of accession was
bulked and 100-seed weight was taken from 100 random seeds from the bulk. Clean,
dust-free seeds weighing 15 g, from the bulk of each accession, were forwarded for whole
grain nutrient analysis.
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2.3. Whole Grain Nutrient Analysis of the Entire Set

The whole grain samples of 600 pigeonpea accessions, each from the 2019 rainy
and 2020 rainy seasons, were submitted to the Charles Renard Analytical Laboratory,
ICRISAT to estimate Ca, protein, P, K, Mg, Fe, Zn, Cu, and Mn. For protein estimation,
the sulfuric acid-selenium digestion method was followed, and the digests were analyzed
in a continuous flow autoanalyzer to obtain the total N value, from which protein (%)
was calculated by multiplying the total N with a 6.25 conversion factor [25]. Estimations
of Ca, P, K, Cu, Mg, Mn, Fe, and Zn were achieved by digesting the samples using the
nitric acid-hydrogen peroxide digestion method and analyzing the digests in a Microwave
Plasma Atomic Emission Spectrometry (MP-AES) [26].

2.4. Selection Criteria for the Formation of Subset

The 100-seed weight and whole grain Ca content of 600 pigeonpea accessions evalu-
ated during the 2019 rainy and 2020 rainy seasons were used as selection criteria for the
formation of the subset. The sample size of 60 accessions for the present study was fixed
to represent 10% of the original set (600 accessions). The selection criteria involve two
steps. First step: Categorizing the accessions based on the 100-seed weight in both the
cropping years (2019 rainy and 2020 rainy) and selecting the accessions with consistent
100-seed weight in both the cropping years. The 100-seed weight was assigned as a primary
factor for shortlisting the accessions owing to its high heritability [27,28]. Second step:
The selected accessions were further screened for consistent Ca content in both cropping
years and covering the entire Ca range. The number of accessions from each 100-seed
weight category was fixed proportionately based on the contribution of the original set of
accessions to each 100-seed weight category as presented in Table 1. The subset did not
represent accessions with ≤5.00 g 100-seed weight category, as the accessions were wild
species with insufficient seed quantity.

Table 1. Number of accessions and Ca range of the original set and subset of pigeonpea accessions in
each 100-seed weight category.

S. No. 100-Seed Weight (g)
Number of Accessions Range of Calcium (mg/kg)

Original Set Subset Original Set Subset

1 ≤5.00 2 - 1968.03–2045.30 -

2 5.01–10.00 349 31 1020.04–2304.69 1023.26–2304.69

3 10.01–15.00 204 18 913.53–2043.89 963.33–2043.89

4 15.01–20.00 41 9 840.16–2304.05 840.16–1848.74

5 ≥20.01 4 2 1171.77–1714.11 1303.55–1714.11

Total 600 60 840.16–2304.05 840.16–2304.70

2.5. Cotyledon and Seed Coat Nutrient Analysis in the Subset

The whole grain samples (two sets, 2019 rainy and 2020 rainy season) of 60 diverse
pigeonpea accessions (subset) were derived from the bulk yield of 600 pigeonpea accessions
evaluated during the 2019 rainy and 2020 rainy seasons, respectively. An accession was
represented by two samples, one from the 2019 rainy and another from the 2020 rainy
crop. Within the cropping year, the samples from each accession were not replicated. The
whole grain samples, each weighing 15 g, were oven-dried at 120 ◦C for six minutes [29]
to facilitate the loosening of the seed coat for dehulling. The oven-dried samples were
dehulled using a stone pestle and mortar and sieved to separate the cotyledon (whole and
splits) and seed coat (hull). In total, 120 cotyledon and 120 seed coat samples of 60 diverse
pigeonpea accessions from the two cropping years were submitted to the Charles Renard
Analytical Laboratory, ICRISAT to estimate Ca, protein, P, K, Mg, Fe, Zn, Cu, and Mn. The
nutrients estimation were done following the same methodology mentioned in Section 2.3.
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2.6. Calculation of Whole Grain Nutrient Content and Percentage of Seed Fractions Nutrients in
Whole Grain

Whole grain nutrient content of the subset was calculated by summing up the cotyle-
donary nutrient per 86 g and seed coat nutrient per 14 g. The values, i.e., 86 g (86%) and
14 g (14%), refer to the fraction of cotyledon (includes embryo) and seed coat dry matter
contained in 100 g of dry seed [30]. This calculated whole grain nutrient was used for all
downstream analysis.

The percentage of nutrient in cotyledon and seed coat can be estimated as follows:

Per cent o f cotyledonary nutrient in grain =
Nutrient per 86 g o f cotyledon

Calculated grain nutrient per 100 g
× 100

Per cent o f seed coat nutrient in grain =
Nutrient per 14 g o f seed coat

Calculated grain nutrient per 100 g
× 100

2.7. Statistical Analysis

The analysis of nutrient contents in cotyledon and seed coat fractions of 60 pigeon-
pea accessions (subset) was performed according to a factorial design with three factors,
namely cropping year (2019 rainy and 2020 rainy crop), seed fractions (cotyledon and seed
coat), and genotypes (60 diverse pigeonpea accessions). The analysis of variance (ANOVA)
without replication divided the sources of variation into main effects (cropping year, seed
fraction, and genotype) and interaction effects (cropping year × seed fraction, cropping
year × genotype, and seed fraction × genotype). The three-way ANOVA was performed
using R software R.4.0.2 [31] with R base function “aov()”. Factors with significant in-
teraction were subjected to Tukey’s test [32] to test the significant mean difference at 5%
probability using the R-CRAN package “agricolae” [33] and visualized using the R base
function “boxplot()” and the R-CRAN package “multcompView” [34]. Association of grain
nutrients with 100-seed weight in cotyledon and seed coat fractions was performed using
the R-CRAN package “correlation” [35].

3. Results

The grain nutrient content in the subset reflected the original set for Ca content alone
(Table 2). For the other nutrients, the range values were slightly narrowed down from
the original set. Variations for protein content in the subset were from 22.69 to 30.63%.
Fe and Zn, (the nutrients of global interest) exhibited a variation of 2.93–4.23 mg/100 g
and 2.46–3.74 mg/100 g, respectively, in the subset. The three-way analysis of variance
revealed that the grain nutrient content varied significantly (p ≤ 0.01) with cropping years
(except for Ca), seed fractions, and the genotypes (Table 3). The interaction factors, namely
cropping year × seed fraction and seed fraction × genotype, varied significantly (p ≤ 0.05)
for all the nutrients studied, whereas the cropping year × genotype interaction varied
significantly (p ≤ 0.05) only for Zn, Cu, and Mn.

3.1. Distribution of Nutrients in Cotyledon and Seed Coat

The mean comparison based on Tukey’s test between cropping years (2019 rainy and
2020 rainy) for the nine-grain nutrients is presented in Table 4. The results revealed that the
Ca accumulation in whole grain (calculated), cotyledon, and seed coat was not significantly
influenced by the cropping years (2019 rainy and 2020 rainy). The whole grain (calculated)
from the 2019 rainy season crop had significantly higher protein, K, Fe, Zn, and Cu (p ≤ 0.05)
than the 2020 rainy crop but the opposite existed for P and Mn accumulation. Magnesium
in whole grain (calculated) remained unaffected in both the cropping years (2019 rainy and
2020 rainy). Concerning cotyledon, the 2019 rainy season crop had significantly higher
protein, K, Fe, and Mn (p ≤ 0.05) than the 2020 rainy season crop, except for Mg and Zn with
no significant difference, and P and Cu which were significantly higher in the 2020 rainy
season crop. For seed coat, protein, Zn, and K showed no significant differences between
cropping years (2019 rainy and 2020 rainy), whereas P, Mg, Fe, and Mn (p ≤ 0.05) were
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significantly higher in the 2019 rainy season crop, and this was reversed for Cu. However,
the trend of nutrient accumulation in cotyledon (high in protein, P, K, Fe, Zn, Cu and Mn
compared to seed coat), and seed coat (high in Ca and Mg compared to cotyledon) of the
2019 rainy season crop was reflected in the 2020 rainy season crop as well.

Table 2. Range of nutrients in the original set and subset of pigeonpea accessions.

Trait Original Set
(600 Accessions)

Subset
(60 Accessions)

Protein (%) 19.24–32.43 22.69–30.63
P (mg/100 g) 268.10–637.64 319.20–577.91
K (mg/100 g) 1237.62–1911.44 1309.46–1691.09
Ca (mg/100 g) 84.02–230.47 84.02–230.47
Mg (mg/100 g) 120.42–200.06 131.05–200.06
Fe (mg/100 g) 2.46–4.83 2.93–4.23
Zn (mg/100 g) 2.18–3.80 2.46–3.74
Cu (mg/100 g) 0.70–1.52 0.95–1.44
Mn (mg/100 g) 0.78–1.60 0.78–1.33

100-seed weight (g) 1.59–22.58 6.35–20.74
P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese.

Table 3. Analysis of variance of nutrients estimated in the cotyledon and seed coat fractions of the
subset (60 diverse pigeonpea accessions) obtained from two cropping years.

Source of
Variation df

Mean Sum of Squares (MSS)

Protein P K Ca Mg Fe Zn Cu Mn

A 1 78 ** 6304 ** 2,529,448 ** 2261 9877 ** 35.7 ** 0.933 ** 0.941 ** 0.6448 **
B 1 45,205 ** 12,112,858 ** 26,695,154 ** 21,511,986 ** 747,261 ** 15.37 ** 30.062 ** 0.134 ** 2.3721 **
C 59 6 ** 1678 ** 44,947 ** 15,535 ** 994 ** 0.76 ** 0.373 ** 0.121 ** 0.0677 **

A × B 1 48 ** 14,565 ** 1,172,575 ** 5783 * 8180 ** 5.29 ** 0.081 * 0.252 ** 0.0889 **
A × C 59 2 435 9598 1510 225 0.28 0.106 ** 0.021 * 0.0245 **
B × C 59 6 ** 1572 ** 35,407 ** 11,173 ** 1741 ** 0.33 * 0.219 ** 0.133 ** 0.0569 **

Within 59 2 413 8565 1193 193 0.2 0.049 0.0124 0.0109

A, cropping year; B, seed fraction; C, genotype; df, degrees of freedom; P, phosphorus; K, potassium; Ca, calcium;
Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese. * and ** significant at 0.05 and 0.01 probability
levels, respectively.

Table 4. Mean and range of the nutrients available per 100 g of whole grain (calculated), cotyledon,
and seed coat of 60 diverse pigeonpea accessions from 2019 and 2020 rainy seasons.

Nutrients

Whole Grain (Calculated) Cotyledon Seed Coat

Mean ± SD Range Mean ± SD Range Mean ± SD Range

2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020

Protein
(%)

29.41
± 2.45 a

27.62
± 2.25 b

24.49–
36.44

21.55–
32.65

33.38
± 2.87 a

31.33
± 2.58 b

27.47–
41.52

24.40–
37.03

5.03
± 0.87 a

4.78
± 1.14 a

3.58–
8.01

3.48–
8.41

P
(mg/100 g)

402.87
± 40.01 b

424.34
± 35.30 a

325.08–
496.55

343.46–
502.3

463.59
± 46.71 b

489.42
± 40.49 a

374.29–
574.13

397.37–
571.45

29.86
± 9.66 a

24.53
± 13.55 b

17.66–
66.85

7.34–
77.50

K
(mg/100 g)

1621.36
± 103.78 a

1315.39
± 81.40 b

1428.46–
1849.82

1083.78–
1530.17

1734.32
± 109.85 a

1389.20
± 87.43 b

1532.87–
1977.21

1172.90–
1686.13

927.50
± 197.61 a

861.97
± 199.39 a

563.81–
1412.91

430.66–
1430.59

Ca
(mg/100 g)

137.54
± 28.39 a

136.61
± 24.58 a

69.57–
208.43

81.66–
181.98

55.08
± 14.28 a

51.41
± 13.10 a

29.34–
105.25

30.64–
85.74

644.04
± 127.40 a

660.00
± 113.15 a

316.68–
900.43

390.74–
893.38

Mg
(mg/100 g)

155.43
± 11.05 a

151.01
± 14.00 a

133.29–
192.97

122.21–
186.49

138.17
± 13.66 a

137.02
± 17.00 a

110.58–
169.92

102.18–
182.32

261.45
± 38.46 a

236.94
± 34.62 b

156.02–
349.93

169.73–
307.2

Fe
(mg/100 g)

4.63
± 0.47 a

4.07
± 0.43 b

3.75–
5.76

3.12–
5.14

4.66
± 0.50 a

4.18
± 0.44 b

3.69–
5.86

3.23–
5.25

4.45
± 0.80 a

3.38
± 0.70 b

2.69–
6.31

2.28–
5.04

Zn
(mg/100 g)

2.20
± 0.29 a

2.10
± 0.21 b

1.55–
3.27

1.58–
2.57

2.29
± 0.28 a

2.20
± 0.21 a

1.64–
3.17

1.65–
2.61

1.62
± 0.61 a

1.46
± 0.50 a

0.83–
4.53

0.59–
3.36

Cu
(mg/100 g)

1.05
± 0.14 a

0.97
± 0.11 b

0.78–
1.35

0.77–
1.34

0.92
± 0.15 b

0.98
± 0.12 a

0.66–
1.14

0.82–
1.23

0.68
± 0.24 b

0.82
± 0.29 a

0.34–
1.42

0.41–
1.7

Mn
(mg/100 g)

0.88
± 0.10 b

0.96
± 0.09 a

0.62–
1.11

0.78–
1.21

1.05
± 0.10 a

0.99
± 0.08 b

0.74–
1.38

0.81–
1.4

1.07
± 0.35 a

0.88
± 0.36 b

0.57–
2.23

0.49–
2.14

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese.
Mean ± SD followed by the same letter in superscript (across columns) represents an insignificant difference at
p ≤ 0.05 and mean ± SD followed by a different letter (across columns) in superscript represents a significant
difference at p ≤ 0.05 following Tukey’s test.

The comparison of mean nutrient accumulation in the whole grain (calculated), cotyle-
don, and seed coat based on Tukey’s test revealed a significant difference (p ≤ 0.05) for
all nutrients, except Mn (Table 5 and Figure 1). Whole grain (calculated) and cotyledon
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exhibited no significant difference for Fe, Zn, Mn, and Cu accumulation, however, for
other nutrients, namely protein, P, K, Ca, and Mg, the nutrient content in whole grain
(calculated) varied significantly (p ≤ 0.05) from cotyledon and seed coat with intermediate
nutrient content. The mean protein and P accumulations in the cotyledon (32.28 ± 2.29%,
and 476.51 ± 39.05 mg/100 g, respectively) were significantly (p ≤ 0.05) higher than their
accumulations in the seed coat (protein, 4.91 ± 0.88%, and P, 27.20 ± 10.03 mg/100 g). In
contrast, the accumulation of Ca (652.02 ± 114.82 mg/100 g) in the seed coat was signif-
icantly (p ≤ 0.05) higher as compared with an average of 53.25 ± 13.02 mg/100 g in the
cotyledon. The other nutrients, namely K, Fe, Zn, and Cu were significantly (p ≤ 0.05)
higher in the cotyledon, while Mg was significantly higher in the seed coat.

Table 5. Mean and range of the nutrients available per 100 g in whole grain (calculated), cotyledon,
and seed coat of 60 diverse pigeonpea accessions pooled over cropping years.

Nutrient

Mean ± SD Range

Whole Grain
(Calculated) Cotyledon Seed Coat Whole Grain

(Calculated) Cotyledon Seed Coat

Protein (%) 28.45 ± 1.97 b 32.28 ± 2.29 a 4.91 ± 0.88 c 23.94–31.99 27.09–36.30 3.67–7.93
P (mg/100 g) 413.60 ± 33.70 b 476.51 ± 39.05 a 27.20 ± 10.03 c 343.28–491.28 395.29–567.19 15.12–61.89
K (mg/100 g) 1464.91 ± 68.14 b 1557.73 ± 66.82 a 894.73 ± 18.80 c 1296.95–1606.25 1396.86–1709.04 497.23–1421.75
Ca (mg/100 g) 137.07 ± 25.42 b 53.25 ± 13.02 c 652.02 ± 114.82 a 75.62–195.21 30.34–95.50 353.71–877.66
Mg (mg/100 g) 153.22 ± 11.33 b 137.60 ± 14.26 c 249.19 ± 34.12 a 127.75–189.73 108.48–174.21 168.63–327.95
Fe (mg/100 g) 4.35 ± 0.39 a 4.42 ± 0.41 a 3.91 ± 0.62 b 3.59–5.40 3.66–5.47 2.74–5.61
Zn (mg/100 g) 2.15 ± 0.22 a 2.25 ± 0.21 a 1.54 ± 0.50 b 1.73–2.92 1.80–2.82 0.88–3.95
Cu (mg/100 g) 0.92 ± 0.08 a 0.95 ± 0.07 a 0.75 ± 0.24 b 0.74–1.09 0.78–1.11 0.38–1.44
Mn (mg/100 g) 1.01 ± 0.11 a 1.02 ± 0.12 a 0.97 ± 0.34 a 0.79–1.26 0.78–1.32 0.58–2.18

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese.
Mean ± SD followed by the same letter (across columns) in superscript represents an insignificant difference at
p ≤ 0.05 and mean ± SD followed by a different letter (across columns) in superscript represents a significant
difference at p ≤ 0.05 following Tukey’s test.

The accessions were diverse for nutrient accumulation in cotyledon and seed coat
(Tables 5, S2 and S3). Among the genotypes, the protein content in cotyledon (27.09–36.30%)
showed a considerable variation as compared with that in the seed coat (3.67–7.93%).
Dense accumulation accompanied by wide variability was observed for Ca and Mg
(353.71–877.66 mg/100 g and 168.63–327.95 mg/100 g, respectively) in the seed coat. De-
spite high mean concentrations, the variabilities observed for Fe (3.66–5.47 mg/100 g), Zn
(1.80–2.82 mg/100 g), Cu (0.78–1.11 mg/100 g) and Mn (0.78–1.32 mg/100 g) in cotyledon
were narrower than in the seed coat (2.74–5.61 mg/100 g, 0.88–3.95 mg/100 g,
0.38–1.44 mg/100 g, and 0.58–2.18 mg/100 g for Fe, Zn, Cu and Mn, respectively). Close
observation of the range values revealed that the nutrient contents in the seed coats of
a few accessions were surpassing their corresponding cotyledonary nutrient contents
(Tables 5 and S3). The numbers of accessions with this deviation were 10, 4, 8, and 21 for
Fe, Zn, Cu, and Mn, respectively. Accessions outperforming the trial mean of whole grain
(calculated), cotyledon, and seed coat nutrients were 13 for protein, 10 for P, 14 for K, 25 for
Ca, 9 for Mg, 18 for Fe, 13 for Zn, 15 for Cu, and 9 for Mn (Table 6).
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mean at p ≤ 0.05, whereas boxes with a different color represent a significant difference in mean at p 
≤ 0.05. 
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Figure 1. Boxplot depicting the mean comparison of the nutrient available per 100 g in whole grain
(calculated), cotyledon, and seed coat (A–I) of 60 diverse pigeonpea accessions pooled over cropping
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Table 6. Accessions with superior nutrient content in whole grain (calculated), cotyledon, and seed
coat compared to the trial mean.

Nutrient
No. of

Accessions
Accessions

Whole Grain
(Calculated)

Cotyledon Seed Coat

Protein (%) 13
ICP# 4370, 4729, 5925, 7903, 8194,
8392, 10876, 11465, 11487, 12043,

15245, 16844, 11850
28.88–31.99 32.72–36.30 4.94–6.70

P (mg/100 g) 10
ICP# 9137, 9146, 11487, 7903,
11465, 11472, 10876, 15099,

8392, 8354
416.62–480.98 479.47–549.20 27.65–61.89

K (mg/100 g) 14
ICP# 4370, 4729, 5925, 7903, 9132,
9139, 9146, 10176, 11350, 11465,

11487, 13828, 13857, 14167
1511.10–1606.25 1581.53–1709.04 925.32–1421.75

Ca (mg/100 g) 25

ICP# 844, 1514, 3451, 6834, 7869,
7870, 7982, 8178, 8354, 8392, 8407,

9137, 9146, 9152, 9317, 10876,
11472, 11850, 12023, 12043, 14598,

14866, 15242, 15597, 7221

139.22–195.21 54.00–95.50 654.36–877.66

Mg (mg/100 g) 9 ICP# 7869, 11348, 12043, 12048,
15242, 4400, 15597, 7870, 8863 156.54–189.73 140.20–170.39 254.01–308.57

Fe (mg/100 g) 18

ICP# 844, 3451, 4729, 6834, 7870,
8194, 8392, 8407, 10176, 10876,

11487, 12041, 13828, 15242, 15245,
16844, 4400, 8863

4.41–5.40 4.43–5.47 3.94–5.61

Zn (mg/100 g) 13
ICP# 4729, 5925, 11350, 11485,

11487, 12041, 13828,13857, 14598,
15245, 15489, 16844, 8863

2.21–2.92 2.27–2.82 1.68–3.95

Cu (mg/100 g) 15

ICP# 7407, 9146, 10876, 11350,
11485, 11487, 12041,13542, 13828,

13857, 14378, 14598, 9152,
16844, 15597

0.95–1.09 0.95–1.11 0.78–1.44

Mn (mg/100 g) 9 ICP# 7870, 7982, 8178, 8392, 10876,
11472, 12023, 12043, 13828 1.04–1.26 1.03–1.24 0.98–1.43

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese.
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3.2. Correlations between Nutrient Content Per 100 g in Cotyledon and Seed Coat with
100-Seed Weight

The results of the Pearson correlation co-efficient confirmed that the interaction of
nutrients among themselves and with 100-seed weight in different biological tissues of the
seed were not parallel (Tables 7 and 8). In cotyledon, the 100-seed weight had a negative
and highly significant correlation with protein, Fe, Zn, Mg, and Mn (p ≤ 0.01) (Table 7).
Protein content had positive correlation with all the nutrients while it was significant
(p < 0.01 or p ≤ 0.001) only for P, K, Mg, Fe, Zn and Mn. Highly significant positive
associations (p ≤ 0.001) of P with Cu and Zn, and Ca with Mg and Mn were observed.
Positive significant correlations were observed for K with P and Zn (p ≤ 0.01), and between
Fe and Cu (p ≤ 0.05). The correlation between Fe and Zn was positive and highly significant
(p ≤ 0.001) and there was a similar correlation between Cu and Zn.

Table 7. Correlations between nutrients available per 100 g of cotyledon with 100-seed weight.

P K Ca Mg Fe Zn Cu Mn SW

Protein 0.448 *** 0.400 ** 0.123 0.381 ** 0.573 *** 0.709 *** 0.083 0.374 ** −0.680 ***
P 0.374 ** −0.168 0.067 0.230 0.607 *** 0.415 *** −0.075 −0.161
K −0.026 0.111 0.103 0.368 ** 0.181 0.061 −0.122
Ca 0.742 *** 0.052 0.073 −0.089 0.821 *** −0.166
Mg 0.233 0.223 −0.058 0.782 *** −0.394 **
Fe 0.630 *** 0.315 * 0.227 −0.547 ***
Zn 0.463 *** 0.183 −0.453 ***
Cu −0.102 0.073
Mn −0.386 ***

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese; SW,
100-seed weight. *** Significant at p ≤ 0.001, ** significant at p ≤ 0.01, and * significant at p ≤ 0.05.

Table 8. Correlations between nutrients available per 100 g of seed coat with 100-seed weight.

P K Ca Mg Fe Zn Cu Mn SW

Protein 0.816 *** 0.534 *** 0.192 −0.065 0.400 −0.038 0.339 ** 0.661 *** 0.273 *
P 0.341 ** 0.179 −0.234 0.319 * −0.046 0.226 0.404 ** −0.013
K 0.000 0.273 * 0.273 * 0.159 0.357 ** 0.609 *** 0.470 **
Ca −0.382 ** 0.025 −0.402 ** 0.342 ** 0.404 ** 0.143
Mg 0.154 0.386 ** 0.038 0.033 0.242
Fe 0.254 * 0.212 0.183 0.065
Zn 0.285 * −0.187 −0.079
Cu 0.544 *** 0.441 ***
Mn 0.653**

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese; SW,
100-seed weight. *** Significant at p ≤ 0.001, ** significant at p ≤ 0.01, * significant at p ≤ 0.05.

In seed coat, 100-seed weight observed significant positive correlations with Cu
(p ≤ 0.001), Mn and K (p ≤ 0.01), and protein (p ≤ 0.05). Protein content showed a positive
significant correlation with P, K, Mn (p ≤ 0.001), and Cu (p ≤ 0.01). Ca content in the seed
coat was significantly positively correlated with Cu and Mn (p ≤ 0.01), while it showed a
significant negative correlation with Mg and Zn (p ≤ 0.01), and was non-significant with
protein, P, K, and Fe. Fe content was significantly positively correlated with Zn, P and, K
(p ≤ 0.05), while it was positive and non-significantly associated with other nutrients and
100-seed weight as well (Table 8).

3.3. Nutrient Contribution by Cotyledon and Seed Coat to Whole Grain

Cotyledon occupying the major portion of the pigeonpea grain contributed a high
proportion of grain nutrients, except Ca (Table 9). On average, cotyledon holds a major
share of protein (97.58 ± 0.45%), P (99.08 ± 0.33%), K (91.48 ± 1.61%), Mg (77.11 ± 3.50%),
Fe (87.40 ± 1.61%), Zn (90.05 ± 2.49%), Cu (88.68 ± 3.09%), and Mn (86.59 ± 4.17%) whereas
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for Ca, seed coat holds the highest (66.78 ± 3.33%). The percentage of cotyledon or seed
coat nutrient contribution to the grain varied greatly with the genotypes (Tables 9 and S4).
The variation was quite narrower for P (1.35%) and protein (2.40%). Contrary to this, the
variation for Mn was wide (20.43%). While all other nutrients varied from 6.92% (Fe) to
16.28% (Mg).

Table 9. Mean and range of percentage of nutrient contribution by cotyledon and seed coat fractions
to the whole grain.

Nutrient
Cotyledon (%)

Seed Coat (%) or
Dehulling Nutrient Loss (%)

Range of Nutrient
Loss and/or

Contribution (%) *

No. of Accessions
with Dehulling

Nutrient Loss Lesser
than the Trial MeanMean ± SD Min Max Mean ± SD Min Max

Protein 97.58 ± 0.45 95.90 98.30 2.42 ± 0.45 1.70 4.10 2.40 40
P 99.08 ± 0.33 98.20 99.55 0.92 ± 0.33 0.45 1.80 1.35 35
K 91.48 ± 1.61 87.61 94.66 8.52 ± 1.61 5.34 12.39 7.05 30
Ca 33.22 ± 3.33 27.79 42.07 66.78 ± 3.33 57.93 72.21 14.28 33
Mg 77.11 ± 3.50 69.46 85.74 22.89 ± 3.50 14.26 30.54 16.28 29
Fe 87.40 ± 1.61 83.55 90.47 12.60 ± 1.61 9.53 16.45 6.92 34
Zn 90.05 ± 2.49 81.09 94.05 9.95 ± 2.49 5.95 18.91 12.96 36
Cu 88.68 ± 3.09 79.85 93.57 11.32 ± 3.09 6.43 20.15 13.72 36
Mn 86.59 ± 4.17 72.45 92.88 13.41 ± 4.17 7.12 27.55 20.43 37

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese; Min,
minimum; Max, maximum. * Range calculated as a maximum minus minimum.

3.4. Nutrient Loss due to Dehulling

The nutrient loss due to dehulling refers to the fraction of nutrients that are lost while
removing the seed coat (Table 9). Dehulling drastically reduced the Ca and Mg content on
average by 66.78 ± 3.33% and 22.89 ± 3.50%, respectively. Among the accessions, this loss
reached a maximum of 72.21% for Ca and 30.54% for Mg. The nutrients with minimum loss
were P and protein with 0.92 ± 0.33% and 2.42 ± 0.45%, respectively. The loss of protein
reached a maximum of 4.1%, whereas for P it was just 1.8%. However other nutrients were
also prone to loss but to a lesser extent (8.52 ± 1.61% for K to 13.41 ± 4.17% for Mn). The
loss of nutrients in some of the major nutrients of global interest ranged from 9.53–16.45%
for Fe and 5.95–18.91% for Zn. For other nutrients, the minimum and maximum losses
were 5.34–12.39% for K, 6.43–20.15% for Cu, and 7.12–27.55% for Mn. The numbers of
accessions with minimum losses of nutrients as compared with the overall means were:
40 for protein, 35 for P, 30 for K, 33 for Ca, 29 for Mg, 34 for Fe, 36 for Zn, 36 for Cu, and
37 for Mn.

4. Discussion

The deficiency of vital micronutrients causes malnutrition. Malnutrition indicators
for the year 2020 disclosed that 149.2 million children under 5 years of age were stunted,
45.4 million were wasted, 38.9 million were overweight, and regretfully, 45% of children’s
deaths were linked to undernutrition [36]. Fortification, supplementation, and dietary
diversification were identified as a three-pronged approach to reduce malnutrition [37].
Meenakshi et al. (2010) [38] emphasized that biofortification of the staple food crops that
make up the diet of the resource-poor farmers and the undernourished population can
certainly address this, since their production and consumption stay on-farm or locally.
Developing countries generate a huge amount of waste in the course of food production
and processing. Torres-León et al. (2018) [18] specified that the management of waste
byproducts can certainly minimize malnutrition and hunger in terms of functional food
and dietary supplement production. Pigeonpea, a legume crop of developing countries that
feeds the resource-poor farmers and the malnourished population can serve this purpose.

The three-way analysis of variance among 60 pigeonpea accessions revealed the
existence of genetic variability and the sensitivity of nutrient accumulation in the cotyledon
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and seed coat (Table 3) to the cropping years. This suggests the need for an evaluation of
genotypes in multiple environments to understand the effect of genotypes, environments,
and soil types on nutrient accumulation in pigeonpea grain and seed fractions. Several
studies have enumerated the influence of extraneous factors, namely soil, climate, genotype,
and fertilizer treatment in grain nutrient accumulation [39,40]. Further, in common bean
for nutrients, namely Ca, K, Fe and Cu, the significant influence of crop cycle, cultivar, and
seed fractions have been reported [7].

4.1. Nutrient Contents in Major Seed Fractions

As an individual fraction of seed, the cotyledon was proteinaceous and enriched with
P, K, Fe, Zn, and Cu, while the seed coat was rich in Ca and Mg. Irrespective of the pulse,
protein remained enriched in the cotyledon [5,41,42], and Ca remained enriched in the
seed coat [5,7,8]; however, the enrichment of other minerals fluctuated. Concerning Fe and
Zn accumulation, it is quite interesting. In cereals, the bran which encompasses the seed
coat portion was found to be rich in Fe and Zn [43,44] but in legumes, the seed coat was
found to be Fe enriched [5] and cotyledon was found to be Zn enriched [7,8]. However,
in pigeonpea, both Fe and Zn were enriched in the cotyledon. This is contradictory to
the high Fe accumulation in the seed coat of a single pigeonpea accession examined by
Singh et al. (1968) [5]. Mg accumulation in soybean cotyledon is parallel to Fe accumulation
in pigeonpea cotyledon. In general, legumes have high Mg in the seed coat, but the contrary
is found in soybean genotypes with high Mg in cotyledon [6]. Fe accumulation in cotyledon
is of immense importance, as this portion remains unaffected during processing and any
enrichment in the cotyledonary region will directly reach the target (undernourished
population) that can fight against anemia. In the future, much focus should be given to
understand the underlying molecular mechanism that governs cotyledonary Fe enrichment,
and to identify the genes linked and their cloning.

Nutrient accumulation in cotyledon and seed coat varied widely among the genotypes.
The variability was wider in the seed coat than in the cotyledon. The variability for Fe,
Zn, Cu, and Mn were more pronounced in the seed coat as compared with the cotyledon
and few accessions were found to have these nutrients comparatively higher in the seed
coat (Table S3). Analogous to this, in common bean, Cvitanich et al. (2010) [45] observed
wide variations for seed coat Fe and added that Fe accumulation in seed coat was found to
be genotype-dependent. Balanced nutrient accumulation in whole grain, cotyledon, and
the seed coat is essential as whole grain and dhal are used for direct human consumption
and the seed coat portion can find its place in functional foods as in the case of other
pulses [14–17]. Accessions superior to the trial mean of whole grain (calculated), dhal, and
seed coat can serve this purpose. The nutritionally dense accessions identified for each
nutrient were 13 for high protein, 10 for P, 14 for K, 25 for Ca, 9 for Mg, 18 for Fe, 13 for Zn,
15 for Cu, and 9 for Mn which could be used for overall whole grain, dhal, and seed coat
biofortification, as there is no separate breeding for pigeonpea whole grain and dhal rather
than vegetable pigeonpea.

The correlation study revealed that protein improvement in cotyledon necessitates
selection for small seed size which simultaneously improves P, K, Mg, Fe, Zn, and Mn.
Therefore, for overall nutrient improvement in cotyledon, selection should be conducted
against 100-seed weight. Reichert and Ehiwe (1987) [46] reported a significant negative
association of 1000-seed weight with dehulling efficiency in pigeonpea. This report adds
the value of improving dehulling efficiency along with nutritional improvement. The
association of protein content with 100-seed weight remained the same as that of pigeonpea
whole grain [47,48]. The unique association of Fe with P in pigeonpea seed coat was also
reported in common bean by Blair et al. (2013) [8], who reported that the association of Fe
with P might be influenced by the binding of P with tannins and other seed coat substances
which also binds Fe.
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4.2. Nutrient Contribution by Cotyledon and Seed Coat to Whole Grain

The percentage of nutrient contribution to the whole grain was predominantly from
the cotyledonary portion for most of the nutrients other than Ca (Table 7). Despite, higher
Mg concentration in the seed coat, the contribution of this nutrient to the whole grain
was much lower. The reason is the proportion of seed coat that makes up the seed (14%).
For a nutrient in the seed coat to have its contribution superior than the cotyledonary
nutrient to the whole grain, it is not sufficient to just have nutrient content higher than the
cotyledonary nutrient but it demands multiple fold enrichment of that nutrient in the seed
coat. Singh et al. (1968) [5] drew the same conclusion that the cotyledon occupying the
major seed portion accounted for the entire grain nutritional value, and milling made no
apparent difference between the whole grain and the cotyledon, except for Ca.

4.3. Nutrient Loss due to Dehulling

Calcium (66.78 ± 3.33%) and Mg (22.89 ± 3.50%) were the major nutrients lost during
dehulling. To avoid this nutrient loss, the consumption of whole grains needs to be
encouraged. However, dhal (cotyledon) is the major consumption form, and therefore, this
loss needs to be minimized. Wide variability for nutrient loss provides an opportunity
for selecting accessions with minimum nutrient loss. Two accessions, ICP 8354 and ICP
8392 (57.93%) showed a minimum loss of Ca. Similarly, ICP 8354 (14.26%) for Mg, ICP
6834 (9.53%) for Fe, ICP 11465 (5.95%) for Zn, ICP 4370 (6.43%) for Cu, and ICP 844 (7.12%)
for Mn showed a minimum loss after dehulling. Incorporating these accessions in the
breeding program can reduce nutrient loss after dehulling. However, more than 50% of the
accessions have incurred nutrient loss less than the overall mean for all nutrients.

4.4. Scope of Seed Coat in Value Addition

The seed coat of pigeonpea is rich in calcium. Calcium is crucial for bone formation
and metabolism and is essential across all life stages. Any imbalance leads to rickets (in-
fants and children), osteomalacia (adults), and osteoporosis (with aging) [49]. Calcium
in the Indian diet reports a drastic decline and supplementing Ca through the dietary or
elementary source is a must [50]. The seed coat Ca content (652.02 ±114.82 mg/100 g)
reported in this study made a huge difference with rice bran [24], wheat bran [23], and
oat bran [51]. Comparing the data with Moraghan et al. (2006) [6], the Ca enrichment in
the seed coat among legumes was in the order of common bean > pigeonpea > soybean.
However, only 12 genotypes were used in that study as compared with 60 accessions in our
study, which too were selected from a diverse set of 600 accessions. The Ca in the pigeonpea
seed coat (652.02 ± 114.82 mg/100 g) was found to be 79% higher than the Ca dense finger
millet (364 ± 58 mg/100 g) [22]. This seed coat fraction (10%) generated by the processing
industry is disposed of either as waste or cattle feed [11]. For instance, the production of
pigeonpea in India for the year 2020 was 3.89 million tons of grain, which produced 0.39 mil-
lion tons of hull after milling (calculated as 10% of byproduct). These 0.39 million tons can
hold 2542.80 tons of calcium which can supplement 6.9 million people for a year with a
recommended daily allowance of 1000 mg [52]. The use of seafood waste as a source of
calcium supplement was reported by Yan and Chen (2015) [53] and Singh et al. (2021) [54].
Further, Kaya et al. (2018) [17] reported the use of legume hulls in noodle preparation
which enhanced the Ca and Mg content. Food waste contains anti-nutritional factors which
limit their use in the food industry as they interfere with palatability, the bioavailability
of nutrients, and digestion [18]. Pigeonpea grain also contains some anti-nutritional fac-
tors, namely, trypsin inhibitor, amylase inhibitor, total phenols, tannins, and phytic acid;
however, their significant reduction while processing needs to be quoted. Soaking the
pigeonpea grain in distilled water or salt solutions reduced the total phenol, tannin, and
phytates significantly [55]. A combination of soaking (12 h) and boiling (80 min) detoxified
trypsin inhibitor (98%), hemagglutinin (100%), hydrogen cyanide (100%), alkaloids (39%),
and tannin (100%) in pigeonpea [56]. Further, Torres-León et al. (2018) [18] mentioned
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fermentation as the most efficient method of reducing the anti-nutritional factors and
enhancing protein digestibility.

5. Future Prospects and Conclusions

The key findings of this study are the striking differences made by protein, P, and
Ca accumulations in the cotyledon and seed coat portion, respectively. Mostly, cotyledon
contained high nutrients as compared with the seed coat, except for Ca and Mg. Therefore,
dehulling does not significantly affect the nutrient contents in the dhal, except for Ca and
Mg. The predominant accumulation of Fe in the cotyledon makes this legume distinct from
other legumes and cereals. This unique property also needs in-depth study on its genetics,
as any enrichment in this portion is not lost during processing. This can address anemia in
developing countries and the results may stay appreciable. Since pigeonpea seed coat is
rich in Ca and Mg, the utilization of seed coat as a functional food needs a detailed study
on the optimization of the level of usage of seed coat in food to minimize the interference
of anti-nutritional factors such as phytates and to meet the quality standards of safe food.
An effective waste management strategy and the demand for nutraceuticals provide a
new opportunity to use the seed coat as a raw material for the preparation of dietary
supplements. Plant-based micronutrient capsules have better absorption than synthetics.
This creates a new field of research in pigeonpea for maximum utilization of the available
nutrients, rather than hoping for the unavailable nutrients. Therefore, extensive research
on the extraction of these biomolecules and their bioavailability in vivo and in vitro can
support developing pigeonpea seed coat-based biomolecule-rich dietary supplements that
can minimize micronutrient malnutrition.
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//www.mdpi.com/article/10.3390/su14094918/s1, Table S1: Passport details of the 60 pigeonpea
accessions analyzed for cotyledon and seed coat nutrient contents, Tables S2 and S3: Nutrients
available per 100 g of whole grain (calculated), cotyledon, and seed coat in 60 diverse pigeonpea
accessions, Table S4: Percentage of nutrient contribution by cotyledon and seed coat to the whole
grain in 60 diverse pigeonpea accessions.
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