

[image: N2 fixation, grain mineral accumulation, and water-use efficiency in 30 field-grown groundnut (Arachis hypogaea L.) genotypes in Mpumalanga, South Africa, measured using 15N and 13C natural abundance techniques]
N2 fixation, grain mineral accumulation, and water-use efficiency in 30 field-grown groundnut (Arachis hypogaea L.) genotypes in Mpumalanga, South Africa, measured using 15N and 13C natural abundance techniques





ORIGINAL RESEARCH

published: 13 June 2025

doi: 10.3389/fagro.2025.1483741

[image: image2]


N2 fixation, grain mineral accumulation, and water-use efficiency in 30 field-grown groundnut (Arachis hypogaea L.) genotypes in Mpumalanga, South Africa, measured using 15N and 13C natural abundance techniques


Titus Y. Ngmenzuma 1, Richard Oteng-Frimpong 2 and Felix Dapare Dakora 3*


1Department of Crop Sciences, Tshwane University of Technology, Pretoria, South Africa, 2Savanna Agricultural Research Institute, CSIR, Tamale, Ghana, 3Department of Chemistry, Faculty of Science, Tshwane University of Technology, Pretoria, South Africa




Edited by: 

Naser A. Anjum, Aligarh Muslim University, India

Reviewed by: 

John M. Maingi, Kenyatta University, Kenya

Virender Sardana, Punjab Agricultural University, India

*Correspondence: 

Felix Dapare Dakora
 DakoraFD@tut.ac.za


Received: 20 August 2024

Accepted: 02 May 2025

Published: 13 June 2025

Citation:
Ngmenzuma TY, Oteng-Frimpong R and Dakora FD (2025) N2 fixation, grain mineral accumulation, and water-use efficiency in 30 field-grown groundnut (Arachis hypogaea L.) genotypes in Mpumalanga, South Africa, measured using 15N and 13C natural abundance techniques. Front. Agron. 7:1483741. doi: 10.3389/fagro.2025.1483741



African soils are inherently low in mineral nutrients. Incorporating N2-fixing legumes into cropping systems can improve soil fertility and increase crop yields. This study assessed N2 fixation, carbon assimilation, grain mineral accumulation and water-use efficiency of 30 groundnut genotypes grown in the field at the Mpumalanga Province, South Africa, using the 15N and 13C natural abundance techniques. The results revealed marked differences in symbiotic performance between and among the groundnut genotypes, with IS-07273 and ICGV13910 exhibiting greater symbiotic dependency on N2 fixation for their N nutrition and higher amounts of N-fixed. The two high N2-fixing symbioses (IS-07273 and ICGV13910) also accumulated significantly high levels of K, Na, Zn, Cu, Mn, and B in their grain. As a result, there were strong correlations between amounts of N-fixed and K, Na, B, Cu, Zn and Mn for genotype ICGV13910. Genotype IS-07273 also showed significant correlations between N-fixed and S, N concentration (%N) and P, %N and K, as well as nodule number and Ca. As to be expected, genotypes with the highest shoot %N accumulated the most protein in their grain. Out of the 30 groundnut genotypes tested in the field, YENYAWOSO, ICGV13848, ICGV13851, ICGV15033 and ICGV131065 showed greater shoot δ13C values, and hence higher water-use efficiency. The high N2 fixation in genotypes ICGV13910 and IS-07273 correlated positively with macro- and micro-nutrient concentrations in their grain, indicating their potential for use in breeding programmes to enhance nutritional security in groundnut.
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Introduction

Groundnut (Arachis hypogaea L.) is an important source of protein (25%–28%), oil (48%–50%), and vitamins for human consumption and cash income for farmers (Nyambok, 2011; Janila et al., 2013). Groundnut is also a source of symbiotic nitrogen for plant growth and for boosting crop production in farmers’ fields because of its ability to form effective symbioses with soil rhizobial bacteria (Vieira et al., 2010). Groundnut is nodulated by Bradyrhizobium bacteria (Zhang et al., 1999; Chen et al., 2003; Yang et al., 2005), Rhizobium giardini, and Rhizobium tropici (Taurian et al., 2006; Ibañez et al., 2008; Ibanez et al., 2009). The groundnut plant has been shown to meet much of its N requirement from symbiotic N2 fixation and to contribute to the N economy of cropping systems (Mokgehle et al., 2014).

Groundnut can contribute a considerable amount of nitrogen to cropping systems in Africa. In fact, many studies (Dakora and Keya, 1997; Bado et al., 2006; Nyemba and Dakora, 2010) have found that significant levels of nitrogen have been contributed by groundnut in African cropping systems. In South Africa, groundnut is reported to fix between 58 and 188 kg N.ha-1 (Mokgehle et al., 2014), thus improving soil N fertility in resource-poor farmers’ fields and increasing the yields of intercrops and succeeding cereal crops (Kumawat et al., 2022).

N2-fixing rhizobia in root nodules can convert nitrogen (N2) in the air to NH3, which is then incorporated into amino acids and protein, and stored in leaves and seeds. This explains why the edible leaves and seeds of legumes (or pulses) are rich in protein. Soybean and cowpea grain can contain up to 40% seed protein (Oso and Ashafa, 2021; Zarkadas et al., 2007; Dakora and Belane, 2019), common bean 20%–25% (Broughton et al., 2003; de Paiva Gouvêa et al., 2024), Bambara groundnut 20.6% (Hlanga et al., 2021; Mazahib et al., 2013), Kersting’s bean 21.3% (Ikujenlola et al., 2022; Ayenan and Ezin, 2016), pigeon pea 27%–29% (Obala et al., 2020; Saxena and Singh, 1987) mungbean 21%–31% (Yi-Shen et al., 2018), chickpea 21.8%–25.8% (Xu et al., 2016), and groundnut 20%–30% (Toomer, 2018; Syed et al., 2021). Furthermore, cowpea can contain 34.9% protein in edible leaves and up to 40% in some genotypes (Dakora and Belane, 2019).

In addition to protein, the edible leaves and grain of legumes contain significant levels of nutritionally important minerals that are required for human nutrition and health, especially to combat trace element deficiency and promote brain development. The leaves and seeds of cowpea respectively contain 142–626 mg.kg−1 Fe, 49–104 mg.kg−1 Zn, 196–394 mg.kg−1 Mn, 8.6–19.7 mg.kg−1 Cu, and 42–55 mg.kg−1 B (Belane and Dakora, 2011). Groundnut grain also contained 22.6 mg.kg−1 Fe, 33.1 mg.kg−1 Zn, 6.7 mg.kg−1 Mn, and 7.5 mg.kg−1 Cu (Toomer, 2018), while chickpea seed is reported to have 500.0 mg.kg−1 Fe, 405.0 mg.kg−1 Zn, 480.0 mg.kg−1 Mn, and 85.0 mg.kg−1 Cu (Xu et al., 2016).

African soils are inherently low in nutrients and require fertilization for high crop yields. However, the high cost of chemical fertilizers and their damaging effect on the environment have prohibited their use. There is therefore a need to develop sustainable, green, and affordable technologies to increase crop yields and nutritional quality of grains for smallholder farmers in Africa. Furthermore, with climate change, there is a need to develop drought-tolerant groundnut genotypes that can produce economic yields even under low rainfall conditions. Carbon isotope discrimination during photosynthesis in C3 plants is known to correlate with water-use efficiency (WUE) and can therefore be used as a measure of plant WUE (Farquhar et al., 1989; Oteng-Frimpong and Dakora, 2018; Muhaba and Dakora, 2020; Mohammed et al., 2022; Pampa et al., 2023). Plants experiencing water limitation tend to show high WUE, measured as greater shoot δ13C values. However, with adequate soil moisture, plants exhibit lower shoot δ13C values due to increased discrimination against 13CO2 (Cernusak et al., 2013). Carbon isotope discrimination has therefore been successfully employed to assess plant water relations in legumes and other C3 species (Belane et al., 2014; Mokgehle et al., 2014; Mapope and Dakora, 2016). The aim of this study was to evaluate groundnut genotypes for increased plant growth, high symbiotic performance, greater WUE, and increased grain mineral accumulation under field conditions using the 15N and 13C natural abundance techniques.





Materials and methods




Site description, experimental design, and treatments

The experiment was conducted during the rainy season of 2019 at Blesbokfontein farm, Bronkhorspruit, Mpumalanga, South Africa. The area is characterized by warmer temperatures and low rainfall with a unimodal rainy season that starts in October each year and ends in April the following year. The map reference coordinates were 25°19’0” S, 31°6’0” E, and the elevation was 199 m above sea level. The optimal rainfall ranged from 500 mm to 900 mm, with a temperature range of 17.5°C to 26°C per annum. Before planting, the soil at Blesbokfontein farm was classified as sandy loam. The experiment was laid out in a randomized complete block design with three replicates in a total of 90 plots. Seeds were sown on the flat with 80 cm between the rows and 10 cm within each row. Each plot size was 6 m2 (3 m × 2 m). Each plot contained three rows with 30 plants per row. Soil samples were collected at a depth of 15–20cm and processed for chemical analysis prior to planting. The characteristics of the 30 groundnut genotypes use in the study are shown in Table 1.


Table 1 | Agronomic characteristics of the groundnut genotypes used in the study.







Plant sampling and processing

Plant sampling for dry matter yield and the 15N isotopic analysis were done at the flowering to early pod-filling stage. Three plants were randomly sampled from the central rows of each plot. Plant samples were carefully separated into shoots, roots, and nodules, and the nodule number was recorded. The shoots and nodules were oven-dried at 60°C to a constant weight (48 h). The dried shoots were ground to a fine powder (0.85 mm sieve) and stored in vials prior to 15N and 13C analysis. Nine non-leguminous weed species (namely, Verbena hybrid L., Digitaria bicomis L., Commelina benghalensis L., Ruella tuberosa L., Brassica juncea L., Anisomelos indica L., Desmodium panicultum L., Asplenium nidu L., and Eleusine indica L.) growing within the experimental plots were sampled as reference plants to determine the soil N uptake by the groundnut plants (Table 2).


Table 2 | Reference plants used for estimating δ15N (‰).







Measurement of shoot N2 fixation and C accumulation




15N/14N isotopic analysis

The analyses of 15N/14N isotopic ratios were performed at the Stable Light Isotope Laboratory, University of Cape Town, Rondebosch, South Africa. For this, 2.0 mg of finely ground groundnut shoots and 2.5 mg of the reference plant samples were weighed into tin aluminum capsules and loaded onto a Thermo 2000 Elemental Analyzer coupled with a Thermo Conflo IV Plus stable light isotope mass spectrometer (Thermo Corporation, Bremen Germany). Samples were combusted in an evacuated quartz tube and analyzed to determine the ratio of 15N/14N and the N concentration (%N) in the plant material. An internal standard of Nasturtium spp. was included after every five runs of the plant samples to correct for machine errors during the isotopic fractionation. The results were normalized against in-house reference material and reported relative to an international standard (N in air). The 15N/14N ratio was used to calculate the isotopic composition (δN), as in Mariotti et al. (1981):

	

Where 15N/14Nsample is the abundance ratio of 15N and 14N in the sample and 15N/14Natm is the abundance ratio of 15N and 14N in the atmosphere.






Shoot N content

The N content of the shoots was calculated as the product of shoot %N and shoot dry matter, using the method of Pausch et al. (1996), where %N was obtained directly from the mass spectrometer: Ncontent = %Nshoot x dry mass shoot.





The B-value

The 15N natural abundance technique was used for N fixation analyses. It is based on the principle that an effectively nodulated legume growing on a medium free from combined N (mineral N or organic N) is expected to be completely reliant upon symbiotic N2 fixation for its growth, hence, the isotopic composition of the legume would be expected to be similar to that of atmospheric N2. A legume’s δ15N value, when grown in soil containing mineral N, is expected to resemble that of the soil mineral N (Unkovich et al., 2008). Different non-legume plant species were collected from the experimental plots and used for the δ15N analyses and a B-value of -2.70 ‰ (Nyemba & Dakora, 2010) was used for the calculations.





Percent N derived from atmospheric fixation

The proportion of N derived from the atmospheric N2 fixation (%Ndfa) was estimated as in Shearer and Kohl (1986):

	

Where δ15Nref is the 15N natural abundance of the reference plant, δ15Nleg is the 15N natural abundance of the legume, and the B-value is the 15N natural abundance of groundnut plants deriving all their N nutrition from N2 fixation.





Amount of N-fixed

The amount of fixed N (N-fixed) by the groundnut plant was calculated as in Unkovich et al. (2008): N-fixed = %Ndfa x legume biomass N

Where legume biomass N is the N content of the groundnut shoots.





Soil N uptake

The soil N uptake by the groundnut plant was calculated as in Unkovich et al. (2008):

Soil N uptake = (100 - %Ndfa) x legume biomass N





13C/12C isotopic analysis

Sub-samples of the ground shoots were analyzed at the Stable Light Isotope Laboratory, University of Cape Town, Rondebosch, South Africa as described above for N. The results were normalized and reported relative to Pee Dee Belemnite (PDB). The C concentration (%C) was also concurrently determined following combustion of the sample. The ratio of 13C/12C in each shoot sample was used to calculate δ13C (Mohale et al., 2014):

	

Where (13C/12C) sample is the isotopic ratio of the sample and (13C/12C) standard is the isotopic ratio of PDB (Craig, 1957).





C content

The C content of each genotype was calculated as the product of %C and the shoot dry mass (biomass) of each plant.





Measurement of nutrient accumulation in groundnut grain

To measure the mineral elements P, K, Ca, Mg, Cu, Zn, Mn, Fe, and B in groundnut grain, 1 g of ground sample was ashed in a porcelain crucible at 500°C overnight. This was followed by dissolving the ash in 5 ml 6 M HCl (analytical grade) and placing it in an oven at 50°C for 30 min, after which 35 ml de-ionized water was added. The mixture was filtered through Whatman No. 1 filter paper. The mineral element concentration in the plant extracts was determined from three replicate samples using inductively coupled plasma mass spectrometry (ICP-MS) (Ataro et al., 2008).





Data analysis

The data were subjected to analysis of variance (ANOVA) to compare the means of the treatments using the STATISTICA program (version 10) and GenStat 11th edition. Where there were differences, Duncan’s multiple range test was used to separate the means at p ≤ 0.05. Correlation analysis was performed to ascertain if any relationship existed between symbiotic parameters (e.g. nodule number, N-fixed, and %N) and mineral nutrient concentrations in grain/shoots.






Results




Soil analysis

The physico-chemical properties of soil samples collected before planting were measured. The soil contained 0.070% N, 39 mg P.kg-1, 196 mg K.kg-1, 117 mg Ca.kg-1, 60 mg Mg.kg-1, 91.35 mg Fe.kg-1, 1.20 mg Cu.kg-1, 34.18 mg Mn.kg-1, 5 mg Na.kg-1, and 3.18 mg Zn.kg-1.





Shoot δ15N of the reference plants

Nine non-legume reference plant species were sampled and analyzed to calculate the %Ndfa of the groundnut genotypes. The δ15N values of the reference plants ranged from +1.89‰ to +5.98‰ with a combined mean of +3.98‰ (Table 3).


Table 3 | Plant growth, symbiotic performance, and grain yield of groundnut genotypes planted in the field at Blesbokfontein, South Africa, in 2019. Values with dissimilar letters in a column are significantly different at P ≤ 0.05.







Plant growth, nodulation, and grain yield

A one-way ANOVA revealed significant differences in plant growth and root nodulation between and among the 30 groundnut genotypes (Table 2). Genotype IS-07273 produced higher nodule numbers and high dry matter. The shoot DM ranged from 24 g.plant-1 in genotypes 12CS116 and CHINESE to 53 g.plant-1 in genotype IS-07273. Nineteen of the 30 groundnut genotypes produced significantly more dry matter compared to 12CS116 and CHINESE, which recorded the lowest biomass together with genotype IS-07273. The other genotypes with greater nodulation included IS-07947, ICGV13864, ICGV13910, ICGV13851, ICGV13842, and 12CS116. Furthermore, 28 of the 30 groundnut genotypes produced high nodule numbers (Table 2). Due to poor rainfall, grain yield was generally low among the 30 groundnut genotypes, with ICGV131096, ICGV13950, ICGV14877, ICGV14857, ICGV14876, ICGV13848, and ICGV13876 producing relatively higher yields (Table 2). Genotypes ICGV15033, IS-07273, and YENYAWOSO recorded the lowest grain yields (Table 2).





N concentration and N content

The N concentration and N content differed between and among the 30 groundnut genotypes, with ICGV14849 showing the highest N concentration (2.3%), followed by genotypes YENYAWOSO, ICGV14857, ICGV13851, ICGV13864, IS-07273,12CS098, and ICGV14877. In contrast, genotypes ICGV15028 and ICGV131090 exhibited the lowest N concentrations (1.57% and 1.75%, respectively; Table 2). Shoot N content was highest in genotype IS-07273 (which recorded the highest dry matter of 1,100 mg.plant-1), followed by genotypes ICGV13864, ICGV14880, and ICGV13842, and lowest in genotypes CHINESE and IS-07947 (Table 2). The shoot N concentration ranged from 1.75% to 2.3%, and shoot N content from 450 to 1,100 mg.plant-1 (Table 2).





δ15N and %Ndfa values of groundnut plants

The δ15N values of groundnut genotypes ranged from +2.09‰ in genotype ICGV13984 to +2.76‰ in genotype ICGV131051 (Table 2). The shoot δ15N of all the groundnut genotypes were statistically similar except for genotype ICGV131051. The genotypes with much lower δ15N values (i.e. ICGV13984, ICGV131090, ICGV15028, and YENYAWOSO) derived the most N from atmospheric N2 fixation, while those with the highest δ15N values (i.e. genotypes CHINESE, ICGV14857, and 12CS098) recorded the lowest %Ndfa (Table 2). Of the 30 groundnut genotypes tested, 23 derived 40% or more of their N nutrition from symbiotic fixation, but none obtained up to 50% of its N nutrition from symbiosis.





Amount of fixed N

The amount of N-fixed by groundnut ranged from 21 kg.ha-1 for genotype CHINESE to 58 kg.ha-1 for IS-07273 (the highest fixer), which was followed by genotypes ICGV14880, ICGV13842, ICGV13864, and ICGV14849 with 44.64, 44.01, 42.8, and 40.65 kg N-fixed.ha-1, respectively (Table 2). The genotypes that produced the most symbiotic N recorded the largest biomass, while genotypes CHINESE, 12CS116, ICGV131096, ICGV131065, and ICGV131051, which contributed the least N, produced the lowest biomass (Table 2). Moreover, 14 of the 30 groundnut genotypes (namely, YENYAWOSO, IS-07273, IS-13834, ICGV13842, ICGV13851, ICGV13864, ICGV13876, ICGV13910, ICGV14849, ICGV14857, ICGV14876, ICGV14877, ICGV14880, and ICGV141088) contributed over 30 kg N.ha-1 from symbiotic N2 fixation (Table 2).





Soil N uptake

The 30 groundnut genotypes differed markedly in their levels of soil N uptake. A comparison of the source of N utilized by the groundnut genotypes showed that 11 of the 30 genotypes (namely, IS-07273, IS-13834, ICGV13842, ICGV13851, ICGV13864, ICG13910, ICGV14849, ICG14857, ICGV14877, ICGV14880, and ICGV141088) obtained more N from the soil than from symbiotic fixation for their N nutrition (Table 2).





Carbon concentration and C content

Genotypes ICGV14849, ICGV131051, ICGV86124, ICGV13937, ICGV13864, and 12CS098 showed the highest shoot C concentration, with genotypes ICGV15033, ICGV131090, and ICGV131065 having the lowest. Genotypes IS-07273, ICGV13864, ICGV14880, and ICGV13910 recorded the highest C content per plant due to their greater shoot biomass (Table 4).


Table 4 | Comparison of dry matter yield, %C, C content, C/N ratio, δ13C, and grain yield of groundnut genotypes planted in the field at Blesbokfontein, South Africa, in 2019.







Shoot C:N ratio and δ13C

The C/N ratio of groundnut shoots was highest in genotypes ICGV14876, ICGV131051, ICGV86124, ICGV15033, ICGV15028, ICGV13950, ICGV13937, ICGV13848, ICGV13842, and IS-07947, and lowest in YENYAWOSO, IS-13834, ICGV14849, and ICGV13851 (Table 4). Shoot δ13C values were much greater in genotypes ICGV13851, YENYAWOSO, and ICGV13950, followed by ICGV131090 and ICGV131091 (-25.58 to -25.63‰). Furthermore, 24 of the 30 groundnut genotypes recorded similar shoot δ13C values, which ranged from -25.99‰ to -25.46‰.





Protein content and macronutrient and micronutrient concentrations in groundnut grain

The levels of P, K, Ca, N, Mg, and S in the grain differed significantly among and between the groundnut genotypes (Table 5), with 10 of the 30 groundnut genotypes (namely, IS-07273, IS-07947, 12CS116, ICGV13842, ICGV14876, ICGV14877, ICGV86124, ICGV131051, ICGV131090, and ICGV131096) recording more than 0.50% P. Genotypes ICGV1315, ICGV13910, IS-07273, and ICGV15028 accumulated more than 1% K in groundnut grain. Genotypes IS-07273, ICGV13910, and ICGV 86124 also showed a high concentration of Mg in their grain (Table 5). The protein content in groundnut grain ranged from 20.64% in genotype ICGV131090 to 29.82% in cultivar ICGV13937 (Table 5). The N concentration in groundnut grain was greater in cultivars ICGV13937, 12CS098, ICGV14857, ICGV131091, ICGV13842, and CHINESE, and lowest in ICGV131090 (Table 4). The Ca and S concentrations were higher in cultivars ICGV1315 and ICGV131091 (Table 5). The highest concentration of Na in groundnut grain was in genotype 12CS098, followed by ICGV13910, ICGV13987, and ICGV14877, and the lowest in genotypes ICGV14880, ICGV15028, ICGV1315, and IS-07273 (Table 5). The trace elements in groundnut grain differed significantly between and among the 30 groundnut genotypes (Table 5). The Fe concentration in groundnut grain was highest in genotype 12CS116, followed by IS-13834, 12CS098, CHINESE, ICGV1315, and IS-07273 and lowest in ICGV131051, ICGV131065, ICGV131096, and ICGV141088 (Table 5). The concentration of Cu was also highest in genotypes IS-07273, ICGV13910, ICGV86124, ICGV15028, and IS-07947 and lowest in ICGV13851, ICGV1315, and ICGV13987 (Table 5). Seed Zn concentration of the groundnut grain was significantly higher in cultivar YENYAWOSO, followed by ICGV13842 and 12CS116, and lowest in ICGV1315, ICGV13987, and ICGV14849 (Table 5). The Mn concentration in groundnut grain was highest in genotype ICGV14876, followed by ICGV13848, CHINESE, and ICGV13876, and lowest in ICGV1315, ICGV15033, and ICGV15028 (Table 5). The concentration of B was relatively higher in cultivars IS-07273, IS-07947, and ICGV15028 (Table 5).


Table 5 | Mineral accumulation in the grain of field-grown groundnut genotypes planted at Bronkhorspruit, South Africa, in 2019.








Discussion

Low soil N fertility is a major factor affecting agricultural yields in sub-Saharan Africa. The selection and incorporation of symbiotically superior grain legumes into cropping systems can improve soil N fertility and increase crop yields. In this study, the 15N and 13C natural abundance technique was used to evaluate N contribution and plant water relations of 30 groundnut genotypes grown at Bleskbokfontein farm, near Bronkhorspruit in Mpumalanga, South Africa. The results revealed differences in plant growth, symbiotic performance, grain mineral accumulation, and shoot δ13C (Mohammed et al., 2021, 2022; Ngwenya et al., 2024; Samago and Dakora, 2024). There were also differences in root nodulation among the groundnut genotypes. For example, genotype IS-07947 produced greater shoot biomass from increased nodulation, which resulted in higher N concentration and N content and a greater amount of N-fixed (Table 2). In contrast, genotypes 12CS116 and CHINESE performed poorly in terms of plant growth, N content, and amount of N-fixed, indicating genotypic differences in plant growth and symbiotic performance among the 30 groundnut genotypes. However, these differences could also be attributed to erratic rainfall and intermittent drought (Table 2). Furthermore, 22 of the 30 groundnut cultivars exhibited greater biomass accumulation. As a result, the N level was higher in 26 of the 30 genotypes (Table 2). Possibly due to the poor rainfall, all 30 genotypes (except for ICGV13984) showed markedly higher shoot δ15N values, and hence lower %Ndfa values. Genotype IS-07273 was an exception as it obtained the most N from symbiosis and still took up higher amounts of soil N (Table 2). Moreover, 17 of the 30 groundnut genotypes produced a grain yield of around 300 kg ha-1 (Table 2), which was quite low due to poor rainfall. The low grain yield and impaired symbiotic performance found in this study contrast with the findings by Mokgehle et al. (2014) where rainfall was optimal.

The shoot concentration of C in plants is directly linked to the photosynthetic activity in leaves. In this study, the C concentration of groundnut shoots ranged from 34.6% in genotype ICGV15033 to 40.6% in ICGV14849 (Table 4), levels similar to those reported by Sprent et al. (1996) for nodulated legumes. Although genotypes ICGV86124, ICGV14849, ICGV131065, ICGV13937, and 12CS098 exhibited the highest C concentrations, they did not produce the highest C content due to very low dry matter (Table 4). The groundnut genotypes that produced the most C content also recorded the highest biomass (Table 4), which was consistent with previous reports (Oteng-Frimpong and Dakora, 2019; Taiz and Zeiger, 2002).

The C/N ratio of N2-fixing species tends to be less than 24 g.g-1 while non-legumes have C/N ratios greater than 24 g.g-1 (Hobbie Macko & Shugart, 1998). In this study, the C/N ratios ranged from 17.2 g.g-1 in genotype YENYAWOSO to 22.0 g.g-1 in genotype ICGV14876, which are values much lower than 24 g.g-1 (Table 4). Two groundnut genotypes (namely, ICGV131090 and ICG13984) showed an increase in C/N ratios as the δ15N levels decreased, indicating a relationship between C and N in symbiotic species (Table 4).

Shoot δ 13C is often considered an integrated measure of water-use efficiency in C3 species, which include legumes such as groundnut (Yoneyama et al., 1998). The δ13C of C3 plant species has therefore been used as an indicator of WUE (Farquhar et al., 1989). Here, the higher the δ13C (i.e., less negative or lower discrimination), the greater the WUE, whilst the lower the 13C (i.e., more positive or high discrimination), the lower the WUE (Muhaba and Dakora, 2020). In this regard, genotypes YENYAWOSO, ICGV13848, ICGV13851, ICGV15033, and ICGV131065 showed less 13C discrimination (i.e., less negative δ13C value) and therefore had much greater WUE (Table 4).

The 30 field-grown groundnut genotypes in this study were evaluated for grain protein content. The results revealed marked differences in the levels of protein in groundnut grain. Seed protein levels ranged from 20.6% for genotype ICGV131090 to 29.8% in genotype ICGV13937, with five other genotypes recording approximately 27% grain protein, levels consistent with previous reports for protein in groundnut (Namrata et al., 2016; Dhakar, 2015; Janila et al., 2016; Toomer, 2018). As expected, the genotypes with the highest shoot %N accumulated the most protein in their grain, which is an indication of a direct link between shoot %N and protein level in groundnut grain (Dakora and Belane, 2019). The seeds of N2-fixing legumes, such as groundnut, are rich in N due to the species’ ability to reduce N2 into NH3 and subsequently into nitrogenous solutes for plant use (Belane et al., 2014).

In this investigation, there were significant differences in macro- and micronutrient (P, K, Ca, Mg, S, Fe, Cu, Zn, Mn, and B) uptake and accumulation in the grain. For example, Fe concentration was highest in genotypes 12CS116 (49.6 mg.kg-1) and IS-07273 (48.5 mg.kg-1), followed by 12CS098 (47.9 mg.kg-1), CHINESE (45 mg.kg-1), ICGV1315 (42 mg.kg-1), YENYAWOSO (39.2 mg.kg-1), IS-07273 (38.2 mg.kg-1), and ICGV141088 (25.4 mg.kg-1). However, the grain concentrations of the macronutrients P, K, Ca, Mg, and S were low when compared to the micronutrients (Table 5). Grain P concentration was highest in nine of the 30 groundnut genotypes. However, all 30 groundnut genotypes showed high levels of Zn in edible groundnut seed. However, Mn concentration was highest in genotype ICGV14876 (26.0 mg.kg-1) and lowest in ICGV15033 (15.9 mg.kg-1). While genotype 12CS098 recorded relatively higher Na concentration in the grain (85 mg.kg-1), genotypes ICGV14880 (30.7 mg.kg-1) and ICGV15028 (30.7 mg.kg-1) showed the lowest Na. Genotype IS-07273 was consistent in recording higher accumulation of P (0.54%), Mg (0.26%), S (0.19%), Cu (10.68%), and B (24.18 mg.kg-1) in its grain (Gunununu and Dakora, 2024; Table 6). The greater uptake of P, Mg, S, Cu, and B and their accumulation in the grain would no doubt enhance the nutritional quality of groundnut seeds relative to the other genotypes, with implications for human nutrition/health. Furthermore, genotypes IS-07273, ICGV13842, ICGV13864, ICGV13910, ICGV14880, and ICGV13876, which recorded higher mineral concentrations in the grain, also fixed the most N in shoots. This is evidenced by the strong correlation found between the amount of N-fixed and K, Na, B, Cu, Zn, and Mn in genotype ICGV13910 and the positive correlation obtained between N-fixed and S, nodule number and Ca, %N and P, and %N vs. K in genotype IS-07273 (Table 6). An earlier report by Belane et al. (2014) found a strong relationship between N2-fixing efficiency and mineral accumulation in nodulated cowpea by showing that rhizobia with higher symbiotic efficiency induced greater mineral accumulation in shoots, while strains with low N2-fixing ability elicited reduced mineral accumulation. In this study, the high-fixing groundnut genotype ICGV13910 also accumulated significantly increased levels of K, Na, Zn, Cu, Mn, and B in the grain, in the same manner that the high-fixing genotype IS-07273 also showed greater concentrations of Ca, P, K, and S in grain (Table 5). As a result, K, Na, Cu, Zn, Mn, and B were strongly correlated with the amount of N-fixed in genotype ICGV13910, while Ca, P, K, and S were also positively correlated with symbiotic parameters (nodule number, N-fixed and %N) in genotype IS-07273 (Table 6). These results are therefore consistent with the report by Belane et al. (2014), which indicates that this relationship between N2 fixing and mineral accumulation is not unique to cowpea. Taken together, genotype ICGV13910 and IS-07273 were high in N2-fixation, which also correlated well with macro- and micronutrients in their grain, and therefore have huge potential for inclusion in breeding programs. While the mechanisms underlying the increase in mineral accumulation with high N2 fixation remain unknown, there are many ways that symbiotic rhizobia can increase mineral supply to their host plants. For example, rhizobia are capable of solubilizing bound-P for use by their host plants and producing siderophores for increased Fe availability to plants (Dakora et al., 2024). Rhizobial bacteria can also synthesize and release plant hormones, including indole acetic acid (IAA), abscisic acid (ABA), lumichrome, riboflavin, cytokinins, and gibberellins that promote root proliferation and root hair formation for greater nutrient uptake (Dakora, 2015).


Table 6 | Correlation analysis of symbiotic parameters (N-fixed,nodule number, and %N) and grain mineral accumulation in two groundnut genotypes.







Conclusion

In conclusion, we found marked differences in symbiotic performance between and among 30 groundnut genotypes, with IS-07273 and ICGV13910 exhibiting greater symbiotic dependency on N2 fixation for their N nutrition, and higher amounts of N-fixed. These two high N2-fixing symbioses (IS-07273 and ICGV13910) also accumulated significantly higher levels of K, Na, Zn, Cu, Mn, and B in their grain. As a result, there were strong positive correlations between the amount of N-fixed and K, Na, B, Cu, Zn, and Mn for genotype ICGV13910. Genotype IS-07273 also showed significant correlations between N-fixed and S, %N and P, %N and K, and nodule number and Ca. The genotypes with the highest shoot %N accumulated the most protein in their grain. Of the 30 groundnut cultivars tested in the field, YENYAWOSO, ICGV13848, ICGV13851, ICGV15033, and ICGV131065 showed greater shoot δ13C values, and hence higher water-use efficiency. The high N2 fixation genotypes ICGV13910 and IS-07273 correlated positively with macronutrient and micronutrient concentrations in the grain, indicating their potential for use in breeding programs to enhance nutritional security in groundnut.
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