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Abstract: Mineral malnutrition negatively impacts almost 30% of the world population
and could result in anemia, blindness, and stunted growth. Seed traits involve nutritional,
physical, and physiological characteristics that play a key role in achieving seed quality.
Chickpea (Cicer arietinum), the second most important food legume crop worldwide, is
characterized by its rich nutrient profile, fiber, and antioxidant content. However, seed
quality traits composition and daily nutritional value in chickpea seeds remain largely
unknown. The objectives of the current study were to determine the variability in concen-
trations of macro and micronutrients, oil, protein, their correlations, and daily nutritional
values (% DV) in the seeds of 61 chickpea genotypes. The results demonstrate substantial
variation among chickpea genotypes in most nutrients, protein, and oil content. Moreover,
this study identifies 12 promising chickpea genotypes that indicate large nutrient content
and potential usage in chickpea biofortification and breeding programs. Our results further
show that consumption of 100 g chickpea seeds could provide 122% DV of manganese
(Mn), 77% DV of copper (Cu), 43% DV of magnesium (Mg), 32% DV of phosphorus (P),
27% DV of zinc (Zn), 26% DV of iron (Fe), and 5% DV of calcium (Ca). Overall, these
findings improve our understanding of chickpea seed nutrient content as well as global
food security by combatting mineral malnutrition.

Keywords: chickpea seed; natural; % DV; nutrient-rich foods; biodiversity; sustainability;
trace elements; oils; proteins; Sustainable Development Goals

1. Introduction

After cereals, legumes, such as common beans, chickpeas, soybeans, peas, and lentils,
are considered the most valuable food crops for the human diet. Chickpea (Cicer ariet-
inum) most likely originated in Southern Tiirkiye, Northern Iraq, and Northern Syria,
with domestication occurring about 9500 years ago [1]. Afterward, chickpea cultivation
spread worldwide as a staple food crop in many diverse soil and climate conditions [1].
Then, chickpea crops were spread by the Romans to the European and African continents.
Subsequently, chickpea cultivation was spread to North America, South America, India,
Australia, and New Zealand as an important food source for centuries [2]. Chickpea is the
second most important food legume globally, with a USD 15 billion economic impact [1].
Of the 18 million metric tons (MT) of global production, India (73%), Australia (6%), and
Turkey (5%) are the largest producers [3]. While Mediterranean countries grow Kabuli
type chickpeas (large seed size with smooth white seed coat color), India mainly grows
Desi type chickpeas (small seed size with darker seed coat color). Moreover, chickpea
seeds are known for being an excellent source of protein, micronutrients, carbohydrates,
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fiber, fat, vitamins, and antioxidants [3]. Due to their rich protein content, chickpeas also
play an important role in plant-based diets, including whole-food, vegetarian, and vegan
diets [4]. For instance, Sandhu et al. (2023) have reviewed the ways of producing nutrient
dense chickpeas and reported the protein content range to be between 18 and 26% [5].
Another study with Ethiopian chickpea genotypes also reported protein content range
between 14 and 23% [6]. Serrano et al. (2017) surveyed 79 European chickpea accessions
and reported protein concentrations between 15 and 23% [7]. It is further reported that
chickpea production could be enhanced by rhizobia inoculation with growth media for
sustainable agriculture [8].

Biofortification, a technique to improve seed nutrient content, could be achieved using
agronomic, selective breeding, or genetic engineering [9]. The major goal of biofortifi-
cation efforts is to address micronutrient malnutrition (also known as hidden hunger)
of zinc (Zn), iron (Fe), and vitamin A [9]. For example, plant biologists have devel-
oped vitamin-A-enriched sweet potatoes, Zn-enriched wheat, Fe-enriched common beans,
beta-carotene-enriched rice, and vitamin-E-enriched maize [9]. Moreover, the selective
breeding biofortification process could use identification and selection of naturally occur-
ring food crop genotypes with superior levels of macronutrients or micronutrients [10].
As a result, this environmentally friendly and sustainable approach has been success-
fully shown in a number of food crop species for the selection of high Zn, Fe, and other
essential nutrients [11].

Seed ionomics explores the elemental compositions of seeds and plays an important
role due to their potential deficiencies, as well as an important role in fortification projects
to enhance seed nutrient levels. Previous studies have shown elemental variations in
faba bean seeds [12], Arabidopsis seeds [13], millet seeds [14], and soybean seeds [15,16],
among others. However, few studies have reported on chickpea seed quality traits in the
literature. As an example, Traore et al. (2022) surveyed 282 chickpea lines and showed
their elemental concentrations of Fe, Zn, manganese (Mn), copper (Cu), phosphorus (P),
and magnesium (Mg) [17].

The rising carbon dioxide (CO,) levels in the atmosphere, currently at the highest
levels of the past 1 million years, are expected to impact not only climate stress, but also
seed mineral nutrient content [16]. While an insignificant decrease in nutrients is found
in legume species (common beans, soybeans, and lentils), a significant decrease is found
in the protein and micronutrient content of rice and wheat [18,19]. Moreover, high CO;-
induced reductions in nutrient value would also affect global food security, especially when
combined with other environmental stress conditions. The United Nations Sustainable
Development Goals (SDGs) focus on 17 SDGs for building a sustainable future for people
and the planet by the year 2030 [20]. Food crop seeds play a critical role in improving food
security, therefore supporting SDG2 (zero hunger), SDG3 (good health and wellbeing),
and SDG13 (climate action), as well as biodiversity [20]. As a result, crop seeds not only
contribute to SDGs, but also to the promotion of global food security.

One of the key areas in biofortification efforts is the human nutritional value of food
crops. The percent daily values (% DV) for each nutrient are based on the recommended
daily percentage on a standard adult’s 2000-calorie diet. Moreover, crop seeds could
provide a significant % DV for various macronutrient and micronutrient content per serv-
ing [12]. For example, a number of crop seeds are recognized for their high % DV content,
including sunflower seeds (vitamin E) [21], soybean seeds (Fe and Cu) [17], pea seeds
(Cu and Mn) [22], flax seeds (Mg) [14], pumpkin seeds (Zn) [23], and chia seeds (omega-3
fatty acids) [24].

Previous studies on other food crops have reported on the United States Food and
Drug Administration (FDA)’s guidance for recommended daily nutritional values in com-
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mon beans, peas, and chia seeds [13,22,24,25]. There is a continuous need to fill in the
research gap regarding the seeds of chickpea genotypes, particularly regarding their quality
characteristics. Hence, the specific aims of this study are as follows:

(1) Determine the variability in essential nutrient concentrations within 61 chickpea
genotypes;

(2) Analyze the percent daily value (% DV) of nutrients and their interrelationships;

(38) Identify promising superior chickpea genotypes for future food security and chickpea
development breeding efforts.

2. Materials and Methods
2.1. Seed Material of Chickpea Genotypes

A collection of 61 diverse chickpea (Cicer arietinum) genotypes was selected and
obtained from the U.S. Department of Agriculture (USDA-ARS) National Germplasm
Center (Western Regional PI Station, Pullman, WA, USA) based on their diverse wide
range of country origin and broad phenotypic and geographic sources. All genotypes
were field grown at Whitlow, Pullman Plant Introduction farm and Central Ferry Farm,
Washington, USA. Standard agronomic practices were used, and seeds were treated to
protect them as they grew. The Whitlow farm (Pullman, WA, USA; 46°44’ N, 117°7' W) has
soils including Palouse and Palouse-Thatuna silt loam, with an elevation of 790 m, and
fields are dryland-managed. The weather was very similar to the 30-year average during
the main growing season. The average annual precipitation ranged from approximately
500 mm to 700 mm.

2.2. Multi-Element Seed Analysis Using Inductively Coupled Plasma Spectroscopy

A seed element analysis was conducted using an inductively coupled plasma spec-
trometer (Thermo-Fisher Scientific Element2 ICP-MS, Thermo Fisher Scientific, Waltham,
MA, USA) at the National High Magnetic Field Laboratory (Tallahassee, FL, USA). Seeds
were milled to fine powders using a coffee grinder. Briefly, 0.5 g ground seeds were placed
in 7 mL PFA-Teflon vials (Savillex Corporation, Eden Prairie, MN, USA). Samples were
dissolved in 2 mL ultra-pure HNOj3 for 2 d at 75 °C and dried down. Samples were
subsequently re-dissolved in 2 mL 2% HNOj; and dried down. Then, samples were re-
dissolved in 2 mL 7N HNOj; and placed in an ultrasonic bath for 30 min. Subsequently,
sample solutions were transferred to clean and weighed bottles and diluted with quartz-
distilled water to a 2% HNOj3 solution. The ICP was calibrated with a mixed pure-element
standard of known concentrations and 18 MQ) deionized water as blank. Indium (In)
was added and used as a drift monitor during the analytical sequence. Samples were
analyzed in a sequence that consisted of blank and standard measurements bracketing
six sample measurements.

2.3. Protein Analysis and Oil Analysis of Chickpe Seeds

The methodology of the present study was modeled after a similar procedure described
in a previous paper [14]. The measurements of seed protein content were performed on sin-
gle seeds using a single kernel NIR spectrometer (SKNIR-256-1.7 T1, Control Development,
South Bend, IN, USA), as described by Hacisalihoglu and Armstrong [10]. The SKNIR
spectrometer utilizes a 256-element indium-gallium-arsenide (InGaAs) sensor (Control
Development, South Bend, IN, USA), which is interpolated to encompass the spectral range
from approximately 900 to 1700 nm at intervals of 1 nm with a spectral integration time of
24 milli seconds. NIR spectra for individual seeds were collected in triplicate and averaged
after mean centering, which was then used for model predictions using an existing calibra-
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tion previously developed by Hacisalihoglu group (currently in press). Individual seed
weights were measured with a balance in three replicates.

The methodology of the present study was modeled after a similar procedure de-
scribed in a previous paper [14]. The oil content of the intact seeds was measured using a
Bruker MiniSpec mq20 NMR Analyzer (Bruker Biospin, Billerica, MA, USA), as described
previously [14]. The oil content was obtained by placing three seeds into a 20 mm test
tube warmed to 40 °C and then by inserting the tube into the NMR instrument using the
standard procedures suggested by the manufacturer. The analyzer was calibrated prior to
the measurements and was optimized for the range of oil that was to be measured.

2.4. Estimating the Nutrient Values (% DV) of Chickpea Seeds

The nutritional values chickpea seeds were estimated with using a 100 g dry weight
serving portion. The U.S. Food and Drug Administration (FDA) daily values based on
a 2000-calorie diet for adults were as follows: phosphorus (P, 1250 mg), calcium (Ca,
1300 mg), magnesium (Mg, 420 mg), zinc (Zn, 11 mg), iron (Fe, 18 mg), copper (Cu,
0.9 mg), and manganese (Mn, 2.3 mg) [12]. The recommended percent daily value (DV %)
was calculated using the following formula [12]:

Amount of Nutrient mg

Percent Daily Value (% DV ) = Recommended DV mg

x 100

2.5. Data Analysis

Standard statistical techniques were used for data analysis. Descriptive statistics were
used to calculate the means, standard errors (SE), and ranges. Correlations among nutrient
concentrations and data visualizations were performed using multiple software, including
Sigma Plot (Version 16, SPSS Inc., Chicago, IL, USA) and Microsoft Excel (Microsoft,
Redmond, WA, USA), as described previously [14]. Pearson’s correlation analysis was
conducted at significance levels p < 0.05, p < 0.01, and p < 0.001. The differences at
p <0.05, p <0.01, and p < 0.001 levels are considered significant, very significant, and
highly significant, respectively. Mean values are averaged over three reps (oil, protein)
and duplicate elemental analysis repeats, respectively. Data are expressed as percentages
(oil, protein) or as pg/g in elements. Elemental samples were analyzed in a sequence that
consisted of blank and standard measurements bracketing six sample measurements.

3. Results
3.1. Comparison of Variations in Chickpea Multi-Element Contents

The nutrient composition of chickpea genotypes, along with their mean values, ranges,
and standard errors, is summarized in Table 1. The 61 chickpea genotypes showed an
extensive variation in seed nutrient concentrations. P was the most abundant mineral
element (~0.4%) after protein content (19.6%), while Cu was the least abundant (6.9 ug/g).
P concentration showed variation with a 2.9-fold range (2573-7313 pg/g). Ca concentra-
tion showed variation with a 5.7-fold range (283-1601 pg/g). Mg concentration showed
variation with a 2-fold range (1232-2466 pg/g). Zn concentration showed variation with a
3.4-fold range (16.8-56.5 ng/g). Fe concentration showed variation with a 2.6-fold range
(29.5-77.1 pug/g). Cu concentration showed variation with a 3.1-fold range (3.64-11.3 pug/g).
Mn concentration showed variation with a 3.2-fold range (14.7-47.3 ug/g). Oil concentra-
tion showed variation with a 2.1-fold range (12.6-26.5%). Protein concentration showed
variation with a 2.1-fold range (12.6-26.5%).
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Table 1. Detailed list and descriptive statistics in seed nutrient concentrations of 61 diverse chickpeas
(Cicer arietinum) genotypes.

Genotypes P Ca Mg Zn Fe Cu Mn B 0Oil Protein
He/s He's vels Hels He/s He/s Hels vels % %

2985 3323 688 1642 29.4 39.8 7.04 25.1 14.2 4.88 17.3
773303 3985 462 1566 29.0 41.3 6.50 23.0 13.7 4.13 18.2
020785-0103 2707 770 1663 259 41.0 6.24 17.4 8.3 5.36 16.0
020785-0103D 2668 568 1295 20.5 32.3 512 15.8 8.0 3.74 17.8
230785-0302D 3925 529 1478 27.3 35.8 6.41 31.1 11.0 3.88 20.1
280785-1102 3596 666 1635 24.1 36.2 6.88 33.7 10.9 5.50 15.4
300685-0803 3016 465 1594 25.6 44.2 6.40 15.3 10.2 5.20 15.1
870525-05 4756 565 2041 36.1 56.4 8.56 25.8 13.5 4.81 14.5
Annigeri 3633 399 1466 24.1 40.2 6.92 16.7 10.2 5.26 12.6
Be 2674 582 1390 28.3 40.8 591 22.0 11.1 4.79 219
CM72 4022 690 1656 27.3 415 5.89 29.2 11.6 4.35 22.5
Dwelley 4232 978 1951 35.1 38.1 5.80 44.4 15.4 5.14 214
E92-10 4058 398 1758 21.3 50.5 5.28 19.4 9.2 4.09 21.3
Evans 3734 679 1642 22.6 46.5 5.35 25.8 12.9 4.50 18.4
Flip84-79 4013 352 1823 27.6 38.4 6.47 153 10.1 5.59 17.9
Garbanza 3644 1268 1872 26.3 45.1 7.12 425 11.3 4.14 16.0
Garnet 7313 452 2101 56.5 77.1 11.30 47.3 14.7 4.47 17.6
1-13 6125 636 2466 37.2 62.6 8.67 39.8 16.5 3.10 20.8
ICC13720 3542 526 2066 27.8 49.5 7.36 31.4 9.6 391 20.7
1CC1882 4014 539 1823 28.5 51.6 5.67 23.2 10.7 3.38 22.8
1CC4958 4591 633 2124 324 55.4 7.78 25.6 9.6 4.63 21.8
1CCe6267 5181 940 1969 31.6 414 9.04 30.9 15.6 345 26.5
ICC6268 6082 1022 2216 33.3 58.5 7.47 27.0 13.1 4.82 23.1
1CC6270 3397 571 1513 19.4 41.3 4.69 19.7 7.4 3.95 26.0
1CC6272 3823 789 1885 215 54.4 6.50 20.6 7.0 3.13 20.3
ICC8165 2573 448 1232 16.8 29.5 3.64 14.9 7.4 3.79 18.8
ICC8172 3139 828 1805 18.3 429 522 27.2 6.5 5.48 18.6
ICC8178 5201 475 2199 28.8 51.9 7.71 14.7 10.8 3.67 25.0
ICC8191 4324 535 1815 31.1 34.0 7.14 20.3 8.3 3.56 17.9
1CC8201 3484 683 1936 32.8 48.0 7.14 36.5 9.2 4.33 20.0
1CC8205 3843 882 1831 28.6 49.8 6.71 29.0 8.4 4.79 21.4
1CC8207 4385 406 1744 36.4 474 7.64 235 12.8 3.66 21.8
ICC8210 4238 847 2036 345 47.4 6.59 39.4 12.1 4.46 22.1
1CC8226 4940 806 1877 33.0 47.2 7.36 30.6 11.9 3.30 19.4
1CC8962 3440 965 1821 26.1 48.0 6.34 45.0 9.9 3.79 217
1CC9491 5022 703 1798 38.2 61.6 8.74 23.8 10.2 6.35 18.6
1CC9492 3215 446 1561 27.8 42.7 5.69 26.2 10.6 3.06 26.1
1CC9496 4457 582 1695 42.6 55.6 8.60 32.1 11.1 3.49 21.9
1CC9497 3378 424 1419 23.7 37.8 6.74 20.7 8.2 5.55 14.7
ICC9514 4348 484 1646 28.7 443 6.95 29.0 9.6 2.96 21.6
ICCV1 4382 1016 1786 29.7 349 8.40 35.0 11.5 3.79 19.9
ICCV10 3609 572 1777 28.6 38.4 9.25 214 13.8 4.89 14.4
ICCV2 4041 491 1887 17.3 32.0 6.81 23.7 9.6 3.45 22.1
ICCV3 3848 1008 1500 25.8 34.2 6.03 47.1 10.8 5.06 18.3
ICCV5 4792 415 1671 35.3 46.4 8.44 27.7 11.0 5.82 13.9
ICCV6 2891 1038 1836 33.0 37.6 598 41.8 11.5 3.47 23.7
ICCVv7 3046 1601 2158 30.6 50.8 6.66 43.5 10.7 4.00 19.5
ILC11907 3809 470 1586 30.5 42.5 6.79 24.2 7.9 4.75 15.6
ILC1687 5702 627 2355 39.3 55.9 7.60 26.5 13.3 5.29 18.8
ILC1929 3822 448 1669 18.9 45.5 5.39 20.9 10.7 4.84 19.9
ILC195 3520 283 1481 27.2 38.4 6.63 27.1 9.90 4.64 18.4
ILC239 4096 820 1792 322 49.1 7.53 35.1 9.20 3.71 24.2
1LC247 3196 467 1476 19.6 38.6 4.67 159 7.30 491 16.0
1LC249 3779 608 1592 23.8 45.8 7.39 28.1 8.70 5.42 13.8
ILC2588 4250 536 2116 27.6 57.9 9.31 28.4 9.10 4.65 16.4
ILC3279 3542 420 1670 349 422 5.67 30.0 11.7 4.72 18.3
ILC3304 3222 426 1814 22.7 48.3 6.53 17.5 8.20 5.40 17.6
ILC3383 3540 600 1884 35.6 53.9 8.54 33.7 8.20 4.11 21.6
ILC3444 3756 731 2160 39.7 56.4 9.63 41.6 9.60 5.05 21.1
ILC41 3813 736 1925 29.8 40.8 6.22 324 10.5 5.16 16.8
ILC516 4103 446 1630 34.2 36.5 6.59 30.0 13.3 5.46 17.6
Avg. 3980 647 1784 29.2 45.5 6.93 28.1 10.6 4.38 19.6
SE 113 31.0 32.6 0.88 1.13 0.17 1.12 0.29 0.13 0.60
Min 2573 283 1232 16.8 29.5 3.64 14.7 6.50 3.10 12.6
Max 7313 1601 2466 56.5 77.1 11.3 47.3 16.5 5.59 26.5

Avg., average; SE, standard error; min, minimum concentration; max, maximum concentration; P, phosphorus;
Ca, calcium; Mg, magnesium; Fe, iron; Cu, copper; Mn, manganese; B, boron. Mean values are averaged over
three repeats (oil, protein) and duplicate elemental analysis repeats, respectively. Data are expressed as percentages
(oil, protein) or as ug/g in elements.

3.2. Correlations Among Chickpea Seed Nutrients

There was a strong positive relationship between Zn and Cu (r = 0.73, Figure 1a).
There was a moderate positive relationship between Mg and Fe (r = 0.68, Figure 1b), P and
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Zn (r = 0.67, Figure 1c), P and Cu (r = 0.66, Figure 1d), and P and Fe (r = 0.65, Figure 1le).
There was a negative relationship between protein and oil content (r = —0.62, Figure 1f).
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Figure 1. Correlations between seed nutrient concentrations. (a) Zn and Cu, (b) Mg and Fe, (c) P and
Zn, (d) P and Cu, (e) P and Fe, and (f) protein and oil of 61 chickpea genotypes. 1, Pearson’s correlation
coefficient. P, phosphorus; Ca, calcium; Mg, magnesium; Fe, iron; Cu, copper; Mn, manganese;
B, boron. ***, all correlations shown in (a—f) are highly significant at p < 0.0001 level, as determined

using Pearson’s correlation.
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3.3. Determination of Chickpea Seed Nutritional Value (% DV)

The nutritional percent daily value (% DV) averages for a 100 g serving of chickpeas,
compared to a 2000-calorie daily diet recommendation, are summarized in Table 2. Our
results show that chickpea seeds are a great source of Mn (122% DV). Moreover, they were
rich in Cu (77% DV), Mg (43% DV), P (32% DV), Zn (27% DV), and Fe (25% DV), but low in
Ca (5% DV) (Table 2).

Table 2. Daily nutritional value (% DV) provided by a 100 g serving size of chickpeas.

Mineral Nutrient % DV Level
Mn 122 Excellent
Cu 77.0 Excellent
Mg 425 Excellent
P 31.8 Excellent
Zn 26.5 Excellent
Fe 25.3 Excellent
Ca 4.98 Low

P, phosphorus; Ca, calcium; Mg, magnesium; Fe, iron; Cu, copper; Mn, manganese; Zn, Zinc; g, gram.

3.4. Identification of Top Twelve Superior Promising Chickpea Genotypes

Based on the result of our screening of 61 chickpea genotypes, the top 12 promising
genotypes were identified with elevated nutritional concentrations as follows: Garnet
for the highest P (7313 pg/g), Zn (56.5 ug/g), Fe (77 ug/g), Cu (11.3 ug/g), and Mn
(47 ug/g), ICCV7 for the highest Ca (1601 ug/g), I-13 for the highest Mg (2466 ug/g) and B
(16.5 ug/g), ICC6267 for the highest protein (26.5%), ICC9491 for the highest oil (6.4%), and
ICC6268 for high levels of protein and multi-elements. Furthermore, chickpea genotype
ILC1687 showed high concentrations of P and Mg, chickpea genotype Garbanza showed
high concentrations of Ca, chickpea genotype Dwelley showed high concentrations of Ca,
chickpea genotype ILC3444 showed high concentrations of Zn, Fe, Cu, and Mn, chickpea
genotype Flip84-79 showed high concentrations of o0il, and chickpea genotype ILC239
showed high concentrations of protein (Table 3).

Table 3. Top twelve superior genotypes of chickpeas (Cicer arietinum) with the highest or high seed
nutrient concentration and their country of origin. P, phosphorus; Ca, calcium; Mg, magnesium; Fe,
iron; Cu, copper; Mn, manganese; B, boron.

Chickpea Genotype Performance Origin
Garnet Highest: P, Zn, Fe, Cu, Mn High: Mn, B USA
1-13 Highest: Mg, B High: P, Zn, Fe, Cu, Mn Pakistan
1CC6267 Highest: Protein High: Cu, B USA
1CC9491 Highest: Oil High: P, Zn, Fe, Cu USA
ICC6268 Hi%lhest: - High: P, Ca, Mg, Fe, Protein India
ICCv7 Highest: Ca Hiih: Mg India
ILC1687 Highest: - High: P, Mg USA
Garbanza Highest: - High: Ca Mexico
Dwelley Highest: - High: Ca USA
1L.C3444 Highest: - High: Zn, Fe, Cu, Mn Spain
Flip84-79 Highest: - High: Oil Syria
ILC239 Highest: - High: Protein Ethiopia

4. Discussion

Global food security affects 864 million people severely, which causes calorie deficits
and malnourishment. Mineral and vitamin deficiencies (also known as “hidden hunger”)
affect two billion people and result in anemia, blindness, and poor growth [26]. Therefore,
we can ensure future food security and healthy diets with the increased usage of more
nutritious food crops and their diversity. Crop seeds are rich sources of macronutrients,
micronutrients, carbohydrates, proteins, and fats, and play an important role in human
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diets and nutrition. Crop species of the Fabaceae family include soybean, common bean,
peas, peanuts, chickpeas, lentils, alfalfa, clover, pigeon peas, moth beans, mung beans,
cowpeas, lima beans, tepary beans, yearlong beans, runner beans, and faba beans [12].

Chickpea is a worldwide important food legume crop that is commonly featured
in Asian, Mediterranean, and African cuisines as well as plant-based diets [1,4,5,8]. The
results of the current study indicate that chickpea seeds exhibit considerable variability in
terms of essential mineral nutrients, oils, and proteins (Table 1). This finding is consistent
and follows a number of recent findings from faba beans, Arabidopsis, flax, and soybeans
[7,12-15,17,24]. Chickpeas have also demonstrated genetic diversity and variation, particu-
larly for seed protein content [5-12].

It is also equally important to identify promising genotypes for further breeding
and biofortification efforts. Specifically, 12 unique chickpea genotypes were identified
with superior seed nutritional compositions (genotypes Garnet, I-13, ICC6267, ICC9491,
ICC6268, ICCV7, ILC1687, Garbanza, Dwelley, ILC3444, Flip84-79, and ILC239). Overall,
the most mineral nutrients were observed in chickpea genotype Garnet, while the highest
protein % was observed in genotype ICC6267.

4.1. Nutritional Profiling of Chickpeas

A set of previous studies have reported on the nutritional quality of chickpea acces-
sions from around the world [5-8]. Our findings in the current study show that chickpeas
contain an average of 19.6% protein (Table 1), aligning with the protein values reported in
Serrano et al. (2017) of 15-23% [7], Tafera et al. (2021) of 14-23% [6], Sandhu et al. (2023) of
18-26% [5], and Zhang et al. (2024) of 17-23% [8]. Moreover, our findings in the current
study show that chickpeas contain an average of 29.2 ug/g Zn (Table 1), aligning with
the Zn values reported in Tafera et al. (2021) of 13-35 pg/g [6], Sandhu et al. (2023) of
30-430 ng/g [5], and Zhang et al. (2024) of 2341 pg/g [8]. Furthermore, our findings
in the current study show that chickpeas contain an average of 45.5 pug/g Fe (Table 1),
aligning with the Fe values reported in Tafera et al. (2021) of 30-100 ng/g [6] and Sandhu
et al. (2023) of 60-240 pg/g [5]. It should be noted that slightly higher values documented
by Sandhu et al. (2023) may be attributed to genetic diversity among the set of chickpea
accessions have been tested [5].

4.2. Percent Daily Values (% DV) Nutrient Contributions of Chickpea Seeds

There have been earlier studies of chickpea nutritional quality reported in the liter-
ature [5-8,17,27]. Moreover, our research characterized a new set of 61 diverse chickpea
genotypes for ionomics. Furthermore, our study places particular emphasis on daily per-
cent value contributions (Table 2). On the other hand, our results show that chickpea seeds
supply considerable amounts of Mn, Mg, P, Zn, and Fe relative to the percent daily nutri-
tional values recommended. Although a number of chickpea nutritional traits have been
studied previously, none of those studies used the chickpea genotypes we reported in the
current study. Our research provides new insights into the nutritional composition of these
specific genotypes, contributing to an understanding of chickpea diversity. By analyzing
these previously unexamined genotypes, we highlight potential differences in macro- and
micronutrient content that could be valuable for chickpea breeding programs for their
nutritional improvement efforts. This study, therefore, fills a gap in the existing literature
and offers a fresh perspective on chickpea ionomics and daily values contributions.

4.3. Correlations Among Nutrients in Chickpea Seeds

An additional interesting finding is that a small set of correlated chickpea seed nu-
trients was detected, suggesting that their accumulation is related. For example, while a
strong positive correlation of Zn and Cu could be used for co-selection in future chickpea
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breeding and development efforts. Additionally, there was a negative correlation be-
tween seed protein and oil content in chickpeas. This finding is consistent with studies on
soybean seeds [28].

4.4. Future Research Directions and Possible Applications

The current findings of this research on the nutrient composition of chickpea seeds
highlight their potential applications in future chickpea crop improvement, environmental
stress resilience, sustainability, and global food security. Additionally, future biofortification
programs could leverage chickpea ionome data and the top-performing genotypes to
combat micronutrient deficiencies in undernourished populations worldwide. Moreover,
chickpea breeding programs could possibly utilize the current results to develop new
chickpea varieties or cultivars with higher nutrient, protein, and oil performances for
human dietary and nutritional needs.

5. Conclusions

Chickpea is a climate-resilient nutrient-dense food crop that could serve an increas-
ingly important role in providing a nutritious food supply, particularly within plant-based
diets. This study evaluates 61 diverse chickpea genotypes by analyzing seed composition
using ICP-MS and assessing their daily nutritional values. Our study shows significant
variation among chickpea genotypes and provides new insights for further future research
and opportunities for simultaneous breeding programs for the co-selection of nutrients
such as Zn and Cu. Moreover, the best performance was also observed for manganese.
Our results further identify the top twelve chickpea genotypes (genotypes Garnet, I-13,
ICC6267, ICC9491, ICC6268, ICCV7, ILC1687, Garbanza, Dwelley, ILC3444, Flip84-79, and
ILC239) that show the most promise due to their superior nutritional content. Overall,
our study suggests that chickpea seeds have valuable daily nutritional values for several
essential nutrients, including proteins. Further future research could focus on the genetic
factors that influence the nutritional composition of this important legume crop. It should
be noted that seed ionomics studies are not free of limitations. One major challenge is the
influence of environmental factors such as climate conditions. Future studies should focus
on genetic factors that contribute to ionomic variation using larger-scale studies with larger
sample sizes and diverse chickpea accessions for a more comprehensive understanding.
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