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Here, we report on the symbiotic N2 fixation and water use efficiency (δ13C) of Kersting's groundnut, an important but underutilized grain legume in Africa, in response to inoculation with Bradyrhizobium strains 3267 and CB756. The 15N natural abundance and xylem ureide techniques were used to quantify N2 fixation. The landraces in this study derived variable levels of their N requirements from symbiosis, which translated into marked differences in the amounts of N-fixed by the landrace–inoculant combinations across the test locations. In most instances, the landrace-strain combinations that elicited higher shoot biomass also recorded greater N-fixed and/or ureide-N in xylem sap as well as grain yield. Although some landraces coupled increased grain yield with higher water use efficiency (shoot δ13C), a trait that could be tapped for crop improvement, others recorded lower yields despite eliciting relatively high shoot δ13C values, indicating genotypic variations in adaptation to the different environments. Grain yield of the test landraces showed marked variation and ranged from 131 to 1349.8 kg ha−1 depending on the landrace–strain combination used and the planting location. The high symbiotic dependence by landraces in this study could explain why Kersting's groundnut thrives in the low nutrient soils that are prevalent in its cultivation areas. These results provide more insights into the literature regarding the Kersting's groundnut–rhizobia symbiosis as well as the crop's water use efficiency.
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INTRODUCTION

The N2-fixing trait of legumes offers them advantage over other species in N-limiting soils as they can reduce atmospheric N2 into useable forms for plants, through their symbiotic association with rhizobia (Menge and Chazdon, 2016). The symbiotic process can supply all or part of the legume's N needs, and even contribute to the soil N reserves for use by subsequent non-legume crops (Preissel et al., 2015). The Kersting's groundnut is an underutilized African legume that thrives in arid environments of Africa (Mergeai, 1993) and capable of N2 fixation when in symbiosis with soil rhizobia (Dakora, 1998). As with most tropical and sub-tropical legumes, the products of N2-fixation in the root nodules of Kersting's groundnut are exported as ureides (allantoin and allantoic acid) to the shoots via the xylem stream (Dakora et al., 1992; Dakora, 1998). Thus, the concentration of ureides relative to nitrate and amino-N in readily sampled xylem sap of Kersting's groundnut could be used to assess the crop's dependence on N2 fixation for its N nutrition (Herridge and Peoples, 1990; Unkovich et al., 2008). Like most neglected grain legumes, the crop can produce substantial grain yield without fertilization even in nutrient limiting environments (Bayorbor et al., 2010; Mohammed et al., 2018). The seeds of Kersting's groundnut contain a high proportion of protein (21.3%), carbohydrates (up to 73.3%), and essential amino acids (Ayenan and Ezin, 2016). The symbiotic, nutritional, and medicinal values of Kersting's groundnut make it an important food security crop (Amuti, 1980; Assogba et al., 2016; Akohoué et al., 2018). Since an earlier report that Kersting's groundnut can nodulate with Bradyrhizobium sp. strain CB756 and exhibit nitrate tolerant symbiosis in sand culture (Dakora, 1998), little has been done on the N2-fixing potential of Kersting's groundnut under field conditions (Mohammed et al., 2018). This is despite the current efforts at harnessing the benefits of symbiotic N2 fixation for agriculture as well as the renewed interest in rhizobial inoculant production and usage (Stephens and Rask, 2000; Catroux et al., 2001; Hungria et al., 2006; Rebah et al., 2007).

Field inoculation of legumes with rhizobia often aims at increasing plant growth and grain yield at a sustainable cost when compared to the use of fertilizers. A known example of inoculation success is the story of soybean in Brazil, where the government is reported to have saved about US$ 10 billion on fertilizers in one cropping season (Dwivedi et al., 2015). However, there has also been inoculation failures in the field due to the presence of native soil rhizobia with higher competitiveness for nodule occupancy (Ulzen et al., 2016; Mohammed et al., 2018). Legume inoculation in the field often does not yield the desired response in soils where the resident rhizobia are very competitive and not limited by numbers (Catroux et al., 2001). It is therefore necessary to test the response of legumes to inoculation with commercially available rhizobial inoculants in the presence of native soil rhizobia to check the quality of introduced strains in different agro-environments. Kersting's groundnut is an important food security crop commonly grown in rural Africa. There is therefore the need to assess its symbiotic performance in the field in response to inoculation with different rhizobial inoculants.

Although Kersting's groundnut is reported to be drought-tolerant (Mergeai, 1993; Ayenan and Ezin, 2016), little information exists on its water use efficiency measured using reliable techniques. During C3 plant photosynthesis, carbon isotope discrimination against 13CO2 in favor of 12CO2 (expressed as δ13C) is directly related to water use efficiency (Farquhar et al., 1989). Under water-limiting conditions when there is soil moisture deficit, plants with high water use efficiency exhibit reduced discrimination against 13CO2, resulting in higher δ13C values. Conversely, plants accessing adequate soil moisture tend to display low water use efficiency through increased 13C discrimination, which results in reduced δ13C values (Farquhar et al., 1989; Wang et al., 2016). Thus, carbon isotope discrimination has become a useful tool for assessing plant water use efficiency in nodulated legumes (Mohale et al., 2014; Mapope and Dakora, 2016), as well as in ecological settings (Wang et al., 2016). In this study, we measured symbiotic N2 fixation and water use efficiency in field-grown Kersting's groundnut in response to inoculation with Bradyrhizobium sp. strains CB756 and 3267. The ureide and 15N natural abundance techniques were used to assess N2 fixation in the Kersting's groundnut landraces, while the 13C/12C isotopic analysis was used to measure plant water use efficiency.



MATERIALS AND METHODS


Experimental Site Description

The study was carried out at three locations (namely, Nyankpala, Savelugu, and Gbalahi) in the Northern Region of Ghana. Nyankpala is located on latitude 9.404 and longitude −0.982, while Gbalahi is located on latitude 9.437 and longitude −0.734. Savelugu, on the other hand, is located on latitude 9.569 and longitude −0.830. The Nyankpala site had been fallowed for over 5 years, while the Savelugu site was cultivated to okra in the previous year. The field at Gbalahi was planted to maize in the year before this experiment. Prior to planting, soil samples were cored at several points across plots, bulked, air-dried, and sieved (2 mm). Soil sub-samples were taken for analysis of pH (H2O), %C (Walkley and Black, 1934), P (Bray and Kurtz, 1945), B, Ca, Cu, Fe, K, Mg, Mn, Na, and S (ammonium acetate method) and total N using Kjeldahl digestion.

The Northern Region has a unimodal rainfall of 800–1200 mm distributed between April and October each year (Owusu and Waylen, 2013). The total annual rainfall during the study period in 2013 was 1081.5 mm at Nyankpala and 1009.7 mm at Savelugu. Due to broken equipment, rainfall data at Gbalahi (857.3 mm) were collected from January to October 2013. However, the total rainfall from planting till sampling (early podding stage of Kersting's groundnut) was 481 mm at Nyankpala, 471 mm at Savelugu, and 305 mm at Gbalahi. The mean weekly rainfall distribution at the three locations during the study period in 2013 is shown Figure 1.
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FIGURE 1. Weekly rainfall distribution at Nyankpala, Savelugu, and Tamale (Gbalahi) during the study in 2013.




Source of Seeds, Experimental Design, and Planting

The eight Kersting's groundnut landraces [Puffeun, Boli, Dowie, Funsi, Heng Milk Mottled (Heng MM), Heng Red Mottled (Heng RM), Nakori, and Sigiri] used in this study were sourced from the University for Development Studies, Tamale, Ghana. The seeds were originally collected from different villages within the Upper West Region of Northern Ghana (Bayorbor et al., 2010). The landraces together with two Bradyrhizobium inoculants (Bradyrhizobium sp. strains 3267 and CB756) and an uninoculated control, which gave a total of 24 treatment combinations, were laid in a randomized complete block design at each location with four replicate plots per treatment. Planting was done on July 2, 2013 at Nyankpala, July 10, 2013, at Savelugu, and July 16, 2013 at Gbalahi. Seeds were sown in plots measuring 2.4 m × 2 m at a spacing of 60 cm between rows and 20 cm between plants, with a 1-m path between plots and 1.5 m between blocks. Weeding was done when necessary, using a hand hoe.



Seed Inoculation With Bradyrhizobium Strains

Seed inoculation was done in the shade using 10 g inoculant per kg seed, which yielded 108 rhizobial cells g−1 of inoculant. To avoid cross contamination, uninoculated/control plots were planted first, followed by inoculated treatments with the individual Bradyrhizobium strains. Bradyrhizobium sp. strain CB756 is a commercial cowpea inoculant strain originally isolated from the root nodules of Macrotyloma africanum in Zimbabwe (Blumenthal and Staples, 1993) and was obtained from Stimuplant, South Africa. The Bradyrhizobium sp. strain BR 3267 is a commercial inoculant from Brazil, which was obtained from the CSIR-Savanna Agricultural Research Institute, Ghana.



Plant Sampling and Processing

Plants were sampled at early podding at 74 days after planting (DAP) at Nyankpala and Savelugu, and 75 DAP at Gbalahi. Five plants were randomly dug up from each plot at the experimental sites, and separated into shoots, roots, and nodules. The shoots were oven-dried at 65°C for 48 h and weighed to determine shoot biomass. The shoots were finely ground (0.50 mm sieve) for 15N and 13C isotopic analysis. The nodules were counted, similarly oven-dried, and weighed to determine nodule dry matter. Shoots of non-legume reference plants were concurrently sampled from each location, and similarly processed for 15N analysis (Supplementary Table 1).



15N/14N Isotopic Analysis of Plant Shoots

Ground shoot samples of both legume and reference plants were weighed (2.0–2.5 mg) and each sample was fed into a Carlo Erba NA1500 elemental analyzer (Fisons Instruments SpA, Strada, Rivoltana, Italy) coupled to a Finnigan MAT252 mass spectrometer (Fisons Instrument SpA, Strada, Rivoltana, Italy) via conflo II open-split device to measure 15N/14N isotopic composition, as described by Mapope and Dakora (2016). The δ15N of shoot samples was calculated as Unkovich et al. (2008):
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where the 15N/14Nsample is the abundance ratio of 15N and 14N in the sample, and 15N/14Natm, the abundance ratio of 15N and 14N in the atmosphere.



Shoot N

The %N of shoot samples was obtained directly from the mass spectrometer, and shoot N content estimated as the product of shoot dry matter and %N (Pausch et al., 1996).



Percent N Derived From Fixation and N-Fixed

Shoot percent N derived from N2 fixation (%Ndfa) was calculated as Shearer and Kohl (1986):

[image: image]

where δ15Nref is the 15N natural abundance of reference plant, δ15Nleg is the 15N natural abundance of legume, and the B value is the 15N natural abundance of the shoot of Kersting's groundnut plants completely dependent on N2 fixation for their N nutrition. The B value (−3.84‰) used in this study was earlier determined by inoculating the Puffeun and Funsi landraces with Bradyrhizobium sp. strain CB756 in the glasshouse (Mohammed et al., 2018). The mean δ15N of all reference plants collected from each location (Supplementary Table 1) was used to calculate the %Ndfa of landraces per study site.

The N-fixed by Kersting's groundnut was calculated as Maskey et al. (2001):
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The soil N uptake by legume plants was determined as the difference between shoot N content and the amount of N-fixed.



Shoot 13C/12C Isotopic Analysis

The ground shoot samples of Kersting's groundnut were similarly subjected to 13C/12C isotopic analysis, as described for 15N/14N. The 13C natural abundance (δ13C) was calculated as Farquhar et al. (1989):
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where 13C/12Csample is the isotopic ratio of the plant sample and 13C/12Cstandard is the isotopic ratio of PDB, a universally accepted standard from Belemnite Pee Dee limestone formation (Craig, 1957).



Collection of Xylem Sap

Xylem sap was collected from the same plants that were sampled and processed for 15N and 13C isotopic analysis. After decapitating five plants at crown level for shoot samples from each plot, the root-bleeding xylem sap was collected into 2 ml Eppendorf tubes using clean glass Pasteur pipettes. The xylem sap samples were stored at −20°C until analysis for N solutes (ureide-N, nitrate-N, and amino-N).



Measurement of Xylem N Solutes
 
Ureide Concentration in Xylem Sap

The concentration of ureides in xylem sap was colorimetrically determined, as described by Young and Conway (1942) or Unkovich et al. (2008). Varying concentrations of allantoin (0.1, 0.02, 0.04, 0.1, and 0.15 mM) were prepared as standards for estimating ureides in xylem sap, after colorimetric assay (Young and Conway, 1942).



Nitrate Level in Xylem Sap

Nitrate-N in xylem sap was determined using the salicylic acid method (Cataldo et al., 1975), as described by Unkovich et al. (2008). Again, varying concentrations of KNO3 (0, 1.25, 2.5, 5, 10, and 15 mM) were used as standards to construct curves for extrapolating the concentrations of nitrate from xylem sap.



Total Amino Acid Determination

Amino acids in xylem sap was measured using the ninhydrin method (Yemm and Cocking, 1955; Unkovich et al., 2008). As with ureide and nitrate determinations, a standard curve was prepared from assaying different known concentrations of the amino acids glutamine and asparagine (0, 0.1, 0.2, 0.4, and 1 mM).



Relative Ureide Nitrogen

The relative ureide-N in xylem sap (or relative ureide abundance) was calculated as Herridge et al. (1990):
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where a, b, and c are the molar concentrations of ureides (ureides contain four nitrogen atoms per molecule), nitrate-N, and amino-N, respectively (Unkovich et al., 2008).




Determination of Grain Yield

At maturity, which coincided with 125, 122, and 120 DAP at Nyankpala, Savelugu, and Gbalahi, respectively, 20 plants were harvested from the inner rows of each plot for determination of grain yield. The pods were detached from plants, air-dried to 15% moisture content, and threshed to obtain seeds. The seeds were weighed, and grain yield expressed per hectare.




RESULTS


Chemical Properties of Soils

The bulk soils collected from Nyankpala, Savelugu, and Gbalahi before planting, respectively, had pH (H2O) 5.93, 6.08, and 6.3, and in that order contained 0.04, 0.01, and 0.08 mg kg−1 B, 0.40, 0.029, and 0.41% C, 250, 272, and 460 mg kg−1 Ca, 0.30, 0.20, and 0.78 mg kg−1 Cu, 42.0, 23.96, and 46.69 mg kg−1 Fe, 48, 29, and 58 mg kg−1 K, 55.2, 51.6, and 130.8 mg kg−1 Mg, 131.4, 66.46, and 65.51 mg kg−1 Mn, 7, 4, and 17 mg kg−1 Na, 7, 5, and 7 mg kg−1 P, 2.7, 2.1, and 2.2 mg kg−1 S, as well as 0.023, 0.016, and 0.031% N.



Shoot δ15N of Non-legume Reference Plants

The δ15N of reference plants used in estimating %Ndfa by Kersting's groundnut landraces is shown in Supplementary Table 1. The δ15N of reference plants ranged from +1.83‰ to +4.57‰ at Nyankpala (mean = +3.01‰), +2.52‰ to +3.51‰ at Savelugu (mean = +2.95‰), and +2.15‰ to 5.01‰ at Gbalahi (mean = +3.26‰). The mean δ15N of reference plants from each study site was used to calculate the %Ndfa of Kersting's groundnut plants from that location (Supplementary Table 1).



N2 Fixation and Water Use Efficiency of Kersting's Groundnut at Nyankpala
 
Main Effect of Landrace on Plant Growth, Symbiotic Parameters, Grain Yield and Shoot δ13C

A two-way ANOVA of data from Nyankpala showed that the main effect of landrace was significant (p ≤ 0.05) for nodule dry matter, shoot biomass, and N content at the site (Table 1). Landraces Heng RM, Boli, Dowie, and Heng MM recorded significantly higher nodule mass compared to the other landraces at Nyankpala (Table 1). The landraces Heng MM and Heng RM (with high nodule mass) together with Nakori and Sigiri (with lower nodule mass) recorded greater shoot biomass relative to the other landraces at that site (Table 1). The %N and C/N ratio of shoots were however similar for all the Kersting's groundnut landraces, with values ranging from 2.4 to 2.8% for N and 14.7 to 17.1 g g−1 for C/N ratio (Table 1). Shoot N accumulation (N content) was greater in landraces Heng RM and Nakori, followed by Heng MM, Dowie, and Sigiri (Table 1).


Table 1. Plant growth, N2-fixing parameters, grain yield, and δ13C of eight Kersting's groundnut landraces planted at Nyankpala in the northern Region of Ghana in 2013.

[image: Table 1]

From the 15N analysis, the landraces Heng MM and Funsi had the least shoot δ15N values at Nyankpala, while Boli, Dowie, Heng RM and Nakori recorded higher δ15N values (Table 1). As a result, the landraces Heng MM and Funsi with lower shoot δ15N recorded relatively higher %Ndfa values (68 and 67%, respectively), followed by Puffeun (65%) and then Sigiri (64%) (Table 1). However, landraces Heng RM, Heng MM, and Nakori showed much higher amounts of N-fixed due to greater shoot biomass and N content at Nyankpala. Dowie, Sigiri, and then Funsi were next with high N-fixed values (Table 1), with landrace Boli showing the lowest N-fixed from its very high shoot δ15N and low %Ndfa at the Nyankpala site (Table 1).

Soil N uptake by landraces at Nyankpala also varied, with higher values found in Heng RM followed by Dowie, Nakori, and Sigiri (Table 1). Landraces Puffeun and Funsi recorded the least soil N uptake at Nyankpala. Here, grain yield was highest in landraces Heng MM (959 kg ha−1) followed by Heng RM (878 kg ha−1) and Nakori (850 kg ha−1), and least in Sigiri (445 kg ha−1) (Table 1).

The landraces Heng MM and Heng RM, which produced high grain yield, were also found to record greater shoot δ13C values (−29.48‰ and −29.60‰, respectively) at Nyankpala. Other landraces with high δ13C values at Nyankpala include Dowie (−29.67‰), Boli (−29.72‰) and Nakori (−29.71‰), while Sigiri had the least δ13C value (−29.97‰) at that site (Table 1).



Main Effect of Inoculation on Plant Growth, Symbiotic Parameters, Grain Yield and Shoot δ13C

The main effect of inoculation was also significant for nodule dry matter, N content, N-fixed, soil N uptake, and grain yield, while the overall shoot dry matter, %N, C/N ratio, and δ13C were unaltered by inoculation at Nyankpala (Table 1). Here, the highest nodule mass was obtained by bacterial inoculation of the landraces with strain 3267 followed by non-inoculation. The least nodule mass was recorded in plots inoculated with the Bradyrhizobium sp. strain CB756 (Table 1). Shoot N content was however greater in uninoculated plots as well as those inoculated with Bradyrhizobium sp. strain CB756 and lowest in plots inoculated with strain 3267. Overall, non-inoculation resulted in greater N-fixed compared to inoculation of the test landraces with either Bradyrhizobium strains at Nyankpala (Table 1). As observed with shoot N content, the average soil N uptake and grain yield of the plants at Nyankpala were higher in uninoculated plots or plots inoculated with strain CB756 relative to inoculation with strain 3267 at the site (Table 1). However, there was no overall effect of inoculation on shoot δ13C at Nyankpala.



Main Effect of Landrace on the Concentrations of Xylem N Solutes

There was a significant effect of landrace on the concentrations of N solutes in the xylem sap of the test Kersting's groundnuts grown at Nyankpala (Table 2). The landraces Heng MM and Nakori (with high N-fixed from 15N natural abundance) as well as Boli (with low N-fixed), all recorded higher concentrations of ureide and amino acids, but lower nitrate-N in xylem sap relative to the other landraces at the site (Table 2). As a result, those landraces exhibited higher RU-N in xylem sap at Nyankpala when compared to the other landraces at that site (Table 2).


Table 2. Ureide, nitrate, α-amino-N concentrations and relative ureide-N (RU-N) in xylem sap of eight Kersting's groundnut landraces planted at Nyankpala, Savelugu, and Gbalahi in 2013.
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Main Effect of Inoculation on the Concentrations of Xylem N Solutes

There was a significant effect of inoculation on the concentrations of ureide, nitrate, and amino acids in the xylem sap of the test Kersting's groundnuts grown at Nyankpala (Table 2). Here, non-inoculation as well as bradyrhizobial inoculation with strain 3267 increased the concentration of ureide in xylem sap relative to inoculation with strain CB756 (Table 2). The average concentration of nitrate in the xylem sap of the Kersting's groundnuts was higher with Bradyrhizobium strain 3267 inoculation relative to the control or inoculation with strain CB756. Bacterial inoculation with either strains significantly increased the overall concentration of amino acids in xylem sap relative to non-inoculation at Nyankpala (Table 2). The uninoculated control showed greater overall RU-N at Nyankpala, followed by plots inoculated with strain 3267 (Table 2).



Effects of Landrace × Inoculation Interactions at Nyankpala

The landrace × inoculation interaction effect was significant for all measured parameters at Nyankpala, except for %N, C/N ratio, and shoot δ13C values (Tables 1, 2). For brevity, the interaction effects are described for shoot biomass, N-fixed, and grain yield for landraces that showed consistent trends for those parameters. As shown in Figures 2D–F, non-inoculation led to greater shoot biomass in landraces Dowie, Heng MM, Nakori, and Puffeun relative to inoculation of those landraces with either Bradyrhizobium strains (Figure 2D). As a result, N-fixed was greater in uninoculated plants of those landraces (although not significant for Nakori) and resulted in higher grain yield relative to bacterial inoculation of those landraces with either strains (Figures 2E,F).
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FIGURE 2. The interactive effect of landrace × inoculation on (A) shoot dry matter at Savelugu, (B) N-fixed as Savelugu, (C) grain yield at Savelugu as well as the interactive effect of landrace × inoculation on (D) shoot dry matter at Nyankpala, (E) N-fixed at Nyankpala, and (F) grain yield at Nyankpala in 2013. For each landrace, bars with dissimilar letters are significantly different (p ≤ 0.05).





N2 Fixation and Water Use Efficiency at Savelugu


Main Effect of Landrace on Plant Growth, Symbiotic Parameters, Grain Yield, and δ13C

At Savelugu, a two-way ANOVA revealed significant effect of landrace on nodule dry matter, shoot dry matter, N content, δ15N, %Ndfa, N-fixed, soil N uptake, grain yield, and shoot δ13C of Kersting's groundnut (Table 3). The landrace Sigiri recorded the highest dry nodule mass followed by Boli, Heng RM, and Puffeun, which recorded relatively lower but similar nodule mass. The landrace Dowie recorded the least nodule dry matter at the Savelugu site (Table 3).


Table 3. Plant growth, N2-fixing parameters, grain yield, and δ13C of eight Kersting's groundnut landraces planted at Savelugu in the northern Region of Ghana in 2013.
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The landrace Heng MM had the highest shoot biomass at Savelugu followed by Dowie, Heng RM, Nakori, and Puffeun, which recorded relatively lower but similar shoot biomass at that site. The least shoot biomass was recorded in Boli and Sigiri despite their relatively high nodule mass at the Savelugu site (Table 3).

The shoot N concentration (%N) and C/N ratio were each similar between and among the landraces grown at Savelugu, with values of %N ranging between 2.4 and 2.6%, while C/N ratio ranged between 15.2 and 16.2 g g−1 at that site. Shoot N content closely mirrored patterns of shoot biomass, with landraces Heng MM and Heng RM recording higher N content at the site and Sigiri the least. Other landraces with lower N content at Savelugu were Boli, Dowie, Funsi, and Puffeun (Table 3). Landrace Funsi recorded the least δ15N value, and hence greater %Ndfa (67%) at Savelugu while Puffeun recorded the highest δ15N and the least %Ndfa (58%) at that site (Table 3). N-fixed at Savelugu was highest in Heng MM due to its greater shoot biomass and high %Ndfa, followed by the landrace Heng RM. The landraces Sigiri and Puffeun recorded the least N-fixed at the site (Table 3). Together with Puffeun and Nakori, landraces Heng MM and Heng RM, which recorded higher N-fixed, also showed greater soil N uptake at Savelugu. Here, the lowest values of soil N uptake were recorded in landraces Boli and Sigiri (Table 3).

The highest grain yield was recorded in landrace Nakori (832 kg ha−1), followed by Puffeun (657 kg ha−1), Heng RM (620 kg ha−1), Boli (565 kg ha−1), Heng MM (561 kg ha−1), and then Funsi (522 kg ha−1) in that order (Table 3). The least values for grain yield at Savelugu were recorded in landraces Sigiri (494.6 kg ha−1) and then Dowie (398 kg ha−1). Here, shoot δ13C was highest in Heng MM followed by landraces Boli, Heng RM, and Nakori with similar values, and least in Dowie (Table 3).



Main Effect of Inoculation on Plant Growth, Symbiotic Parameters, Grain Yield, and δ13C

The main effect of inoculation at Savelugu was also significant for nodule dry matter, %N, C/N ratio, δ15N, %Ndfa, and grain yield but not δ13C (Table 3). Here, plants inoculated with Bradyrhizobium sp. strain 3267 had the highest nodule mass followed by the control plants. Seed inoculation with Bradyrhizobium sp. strain 3267 increased overall %N in shoots of Kersting's groundnut and decreased C/N ratio relative to non-inoculation or inoculation with strain CB756 (Table 3). Non-inoculation or bacterial inoculation with strain 3267 increased shoot δ15N values and decreased overall %Ndfa of Kersting's groundnut at Savelugu relative to bacterial inoculation with strain CB756. Overall, N-fixed and soil N uptake were unaltered by inoculation relative to the control (Table 3). Grain yield was increased by inoculation with Bradyrhizobium sp. strain 3267 when compared to non-inoculation or inoculation with Bradyrhizobium sp. strain CB756 (Table 3).



Main Effect of Landrace on the Concentration of Xylem N Solutes

There were significant differences in the concentrations of N solutes in the xylem sap of the landraces grown at Savelugu (Table 2). The landraces Puffeun and Sigiri recorded higher concentrations of ureide-N in xylem sap and relatively lower nitrate-N at the site (Table 2). The landrace Nakori exhibited the highest concentration of amino-N in xylem sap at Savelugu despite its relatively lower ureide-N at the site. However, the landraces Sigiri, Boli, and Heng RM recorded greater RU-N at Savelugu relative to the other landraces (Table 2).



Main Effect of Inoculation on the Concentration of Xylem N Solutes

There was a significant effect of inoculation on the xylem ureide concentration at Savelugu (Table 2). However, together with non-inoculation, bacterial inoculation with Bradyrhizobium sp. strain CB756 increased xylem nitrates when compared to inoculation of the landraces with strain BR 3267. On the other hand, bradyrhizobial inoculation with either Bradyrhizobium strains resulted in a greater concentration of amino acids in the xylem sap of the Kersting's groundnuts compared to the uninoculated control (Table 2). Overall, RU-N was markedly greater in plants sampled from uninoculated plots and those from plots inoculated with Bradyrhizobium sp. strain 3267 (Table 2).



Effect of Landrace × Inoculation Interactions at Savelugu

At Savelugu, the landrace × inoculation interaction was significant for shoot biomass, N-fixed, grain yield, and all other measured parameters, except for shoot %N and δ13C values (Table 3). Here, bacterial inoculation with either Bradyrhizobium sp. strain BR 3267 or Bradyrhizobium sp. CB756 increased shoot biomass in landraces Dowie, Heng MM, and Nakori relative to non-inoculation (control), although the parameter was unaltered in landrace Sigiri (Figure 2A). As a result, N-fixed was markedly increased by inoculation of those landraces with either Bradyrhizobium strains at Savelugu relative to the control (Figure 2B). Despite the increased shoot biomass and N-fixed in plants of Dowie inoculated with either bacterial strains, grain yield was only increased in plants inoculated with Bradyrhizobium sp. strain BR 3267 (Figures 2A–C). However, inoculation with either bacterial strains increased grain yield in Heng MM when compared to non-inoculation. On the other hand, non-inoculation or bacterial inoculation with Bradyrhizobium sp. strain BR 3267 increased grain yield in Nakori when compared to inoculation with Bradyrhizobium sp. strain CB756 (Figure 2C). Although bradyrhizobial inoculation did not markedly alter shoot biomass and N-fixed in Sigiri, it resulted in higher grain yields than the control (Figures 2A–C).




N2 Fixation and Water Use Efficiency at Gbalahi
 
Main Effect of Landrace on Plant Growth, Symbiotic Parameters, Grain Yield, and δ13C

A two-way ANOVA of the data collected from Gbalahi revealed significant effect of landrace on nodule dry matter, shoot dry matter, N content, δ15N, %Ndfa, N-fixed, soil N uptake, grain yield, and shoot δ13C (Table 4). Here, landrace Sigiri recorded the highest nodule mass followed by Boli, while Funsi and Nakori recorded the least values of the parameter (Table 4).


Table 4. Plant growth, N2-fixing parameters, grain yield, and δ13C of eight Kersting's groundnut landraces planted at Gbalahi in the northern Region of Ghana in 2013.
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Shoot biomass was highest in the Nakori landrace followed by Dowie, while the remaining landraces had lower but similar shoot biomass at the Savelugu site. There were however no significant differences in shoot N and C/N ratio of Kersting's groundnut landraces at Gbalahi. The %N values ranged between 1.8 and 2.1% while C/N ratio ranged between 17.7 and 20.2 g g−1 (Table 4). Shoot N content was highest in the landrace Nakori followed by Dowie while the least N content was recorded in landrace Sigiri (Table 4).

The least δ15N values were recorded in the Funsi and Heng MM landraces, while Boli and Sigiri recorded the highest (Table 4). The remaining landraces recorded slightly higher but similar δ15N to Boli and Sigiri (Table 4). As a result, %Ndfa was greater in the Funsi and Heng MM landraces at Gbalahi, and lower in Boli and Sigiri at the site. The remaining landraces recorded relatively lower but similar %Ndfa to those of Funsi and Heng MM (Table 4). N-fixed was highest in Nakori followed by the landraces Dowie and Funsi. The least N-fixed at Gbalahi was recorded in landrace Sigiri despite its high nodule mass (Table 4).

The landrace Nakori recorded the highest soil N uptake followed by Dowie and Funsi, while Heng MM and Sigiri recorded the least (Table 4). Grain yield at Gbalahi was highest in Funsi (365 kg ha−1), followed by Boli (316 kg ha−1), Nakori (319 kg ha−1), and Puffeun (315 kg ha−1) with relatively lower grain yield. The least grain yield at Gbalahi was recorded in the landraces Dowie (164 kg ha−1) and Sigiri (224 kg ha−1). Other landraces with lower grain yield at Gbalahi were Heng MM and Heng RM (Table 4). Here, shoot δ13C was highest in the landrace Boli (−29.51‰) and least but similar in the remaining landraces (−29.89‰ to −30.04‰) (Table 4).



Main Effect of Inoculation on Plant Growth, Symbiotic Parameters, Grain Yield, and δ13C

As in the other locations, there was a significant effect of inoculation on nodule dry matter, shoot dry matter, N content, δ15N, %Ndfa, N-fixed, soil N uptake, and grain yield but not δ13C at Gbalahi (Table 4). Whereas inoculation with Bradyrhizobium sp. strain BR 3267 increased nodule mass over non-inoculation or inoculation with Bradyrhizobium sp. strain CB756, bacterial inoculation with either strains increased shoot biomass and N content over the control (Table 4). The overall δ15N value was however decreased by inoculation with Bradyrhizobium sp. strain BR 3267 relative to non-inoculation. As a result, bacterial inoculation with Bradyrhizobium sp. strain BR 3267 increased the overall %Ndfa compared to non-inoculation at Gbalahi (Table 4). Bacterial inoculation with either strains also increased N-fixed and soil N uptake compared to non-inoculation. There was no marked effect of inoculation on overall shoot δ13C at Gbalahi (Table 4). However, overall grain yield was only increased by bacterial inoculation with strain 3267 compared to non-inoculation or inoculation with Bradyrhizobium sp. strain CB756 (Table 4).



Main Effect of Genotype on the Concentrations of Xylem N Solutes

There was a marked effect of landrace on the concentrations of xylem N solutes (Table 2). The landrace Boli (with relatively lower N-fixed from 15N natural abundance) together with Heng RM recorded the highest concentration of ureide in xylem sap. However, the landrace Boli together with Puffeun recorded greater concentration of nitrate in xylem sap at the site relative to the other landraces (Table 2). However, the concentration of amino acids was greater in the xylem sap samples of the landraces Boli and Heng MM, followed by Dowie and Heng RM (Table 2). With high N-fixed values from 15N natural abundance, the landrace Nakori also recorded the highest RU-N, followed by landraces Funsi, Sigiri, and Puffeun (Table 2).



Main Effect of Inoculation on the Concentrations of Xylem N Solutes

Bradyrhizobial inoculation with strain CB756 increased the concentration of ureides and nitrate in xylem sap samples relative to non-inoculation (control) or inoculation with strain BR 3267 (Table 2). However, non-inoculation or bacterial inoculation with Bradyrhizobium sp. strain BR 3267 each increased the concentration of amino acids in xylem sap when compared to inoculation with Bradyrhizobium sp. strain CB756. Consequently, bacterial inoculation with strain CB756 resulted in greater RU-N due to increased concentration of ureides and reduced concentration of amino acids (Table 2).



Effect of Landrace × Inoculation Interactions at Gbalahi

At Gbalahi, there was a significant effect of landrace × inoculation interaction on shoot biomass, ureide concentration in xylem sap, relative ureide-N (RU-N), N-fixed, grain yield, and all other parameters, except for shoot δ13C (Tables 2, 4). Here, bradyrhizobial inoculation with strain BR 3267 or CB756 each increased shoot biomass relative to the control in landraces Heng MM and Sigiri (Figure 3A). However, bacterial inoculation with Bradyrhizobium sp. strain BR 3267 increased shoot biomass over inoculation with Bradyrhizobium sp. strain CB756 in Funsi, and over non-inoculation or inoculation with strain CB756 in landrace Puffeun (Figure 3A). Non-inoculation (control) or bacterial inoculation of Heng RM with Bradyrhizobium sp. strain CB756 each resulted in higher shoot biomass relative to inoculation of the same landrace with strain BR 3267 (Figure 3A). The landrace/inoculant strain combinations that elicited higher shoot biomass mostly recorded higher ureide concentration and RU-N in xylem sap, albeit a few exceptions (Figures 3A–C). For example, despite the lower shoot biomass of control plants of Puffeun and those inoculated with Bradyrhizobium sp. strain CB756, ureide-N and RU-N were unaltered by inoculation of the landrace (Figures 3A–C). Generally, N-fixed and grain yield by the landraces closely mirrored patterns of shoot biomass. Thus, landrace/inoculant strain combinations that elicited higher shoot biomass were found to record higher N-fixed and grain yield (Figures 3A–E).
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FIGURE 3. The interactive effect of landrace × inoculation on (A) shoot dry matter, (B) ureide-N in xylem sap, (C) relative ureide-N (RU-N), (D) N-fixed, and (E) grain yield of six Kersting's groundnut landraces planted at Gbalahi in 2013. For each landrace, bars with dissimilar letters are significantly different (p ≤ 0.05).





Three-Way ANOVA Comparison of Symbiotic Parameters, Grain Yield, and δ13C Between Locations

Except for %Ndfa, the main effect of location was significant for all growth and symbiotic parameters, grain yield, and shoot δ13C values (Supplementary Table 2). Although the overall nodule mass of plants was greater at Nyankpala and Savelugu, shoot biomass was markedly higher in the plants grown at Gbalahi followed by those grown at Nyankpala (Supplementary Table 2). The overall %N was higher in the plants grown at Nyankpala and Savelugu, resulting in much lower C/N ratio in those plants when compared to their counterparts grown at Gbalahi. The high shoot biomass and %N of plants at Nyankpala and Savelugu resulted in greater N content in those plants (Supplementary Table 2). Although average shoot δ15N value of plants was markedly lower at Savelugu, %Ndfa was similar between locations due to differences in the δ15N values of reference plants between those locations (Supplementary Table 1). However, N-fixed, soil N uptake as well as grain yield closely mirrored patterns in shoot biomass and N content between locations (Supplementary Table 2). Overall, shoot δ13C was greater in the plants grown at Savelugu, followed by those grown at Nyankpala and least in the plants at Gbalahi (Supplementary Table 2).

There was a marked effect of location on xylem N solutes of Kersting's groundnut in this study (Supplementary Table 3). The concentrations of ureides and nitrate were both higher in the xylem sap of the plants grown at Savelugu and Gbalahi, and unexpectedly least in the plants grown at Nyankpala despite their greater shoot biomass and N-fixed at the site. The concentration of amino acids in xylem sap was higher at Gbalahi, and lower but similar between Nyankpala and Savelugu (Supplementary Table 3). However, RU-N was higher in the plants at Savelugu followed by those at Gbalahi due to greater overall ureides in the plants grown in those locations (Supplementary Table 3).



Correlation Analysis

Correlation analysis revealed that the concentration of nitrate in xylem sap and %Ndfa measured from 15N natural abundance were negatively correlated in landraces Boli, Dowie, and Funsi at Nyankpala (Figure 4). The RU-N in xylem sap was also positively correlated with grain yield in all the test locations (Figure 4). Moreover, positive correlations were obtained when shoot biomass was plotted against the amount of N-fixed, soil N uptake, and shoot N content in this study (Figure 5). Furthermore, there was a positive correlation between %N and %C in shoots of the test landraces (Figure 6). On the other hand, shoot δ13C and grain yield were positively correlated at Nyankpala, although not statistically significant at Savelugu (Figure 6). The combined data from all the test locations also revealed a direct correlation between δ13C and grain yield (Figure 6).
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FIGURE 4. Correlation and regression analysis between xylem nitrate-N and relative ureide-N (RU-N) and grain yield of eight Kersting's groundnut landraces grown at (A) Nyankpala, (B) Savelugu, and (C) Gbalahi, and between xylem nitrate-N and %Ndfa from 15N natural abundance in landraces (D) Boli, (E) Dowie, and (F) Funsi planted at Nyankpala in 2013.
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FIGURE 5. Correlation and regression analysis between shoot DM and N-fixed at (A) Nyankpala, (B) Savelugu, (C) Gbalahi, and between shoot DM and soil N uptake at (D) Nyankpala, (E) Savelugu, (F) Gbalahi as well as between shoot DM and N content at (G) Nyankpala, (H) Savelugu, and (I) Gbalahi.
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FIGURE 6. Correlation and regression analysis between shoot %N and %C at (A) Nyankpala, (B) Savelugu, (C) Gbalahi, and between δ13C and grain yield at (D) Nyankpala, (E) Savelugu, as well as (F) between δ13C and grain yield of the combined data from the three locations.





DISCUSSION


Nodulation, Plant Growth, and Symbiotic N2 Fixation in Field-Grown Kersting's Groundnut Landraces

The ability of Kersting's groundnut to enter symbiosis with Bradyrhizobium sp. strain CB756 leading to N2 fixation was earlier demonstrated (Dakora, 1998). Since then, there has been little report of N2 fixation by this orphan grain legume (Mohammed et al., 2018), although such studies can provide information much needed for the crop's conservation and improvement. This study assessed symbiotic N2 fixation and water use efficiency (δ13C) of Kersting's groundnut landraces in response to inoculation with two Bradyrhizobium strains (Bradyrhizobium sp. BR 3267 and Bradyrhizobium sp. CB756) under field conditions in Ghana.

The findings revealed that increased nodulation in some Kersting's groundnut landraces resulted in greater plant growth, whereas the opposite was observed in some instances. For example, increased nodule mass in landraces Heng MM and Heng RM resulted in greater shoot biomass and N accumulation at Nyankpala as opposed to an observed lower shoot biomass in landraces Boli and Sigiri at Savelugu despite their higher nodule mass at the site. Moreover, the fact that the observed increases in plant growth associated with high nodulation at Nyankpala only decreased shoot δ15N and increased %Ndfa in Heng MM (Table 1) clearly suggests that the extent of nodulation alone does not always reflect symbiotic performance. However, whether differences in nodule size and/or nodule position on the root might have contributed to the observed trends in symbiotic performance of the test landraces was not assessed in this study. These results agree with earlier reports that enhanced symbiosis is linked to the N2-fixing efficiency of the nodule symbionts rather than increased nodulation only (Westhoek et al., 2017; Mohammed et al., 2019). The Kersting's groundnut landraces in this study exhibited marked variations in N2 fixation as evidenced by the differences in their shoot δ15N and %Ndfa values. As expected, lower δ15N by landraces were accompanied by higher %Ndfa in all the study locations, a finding consistent with previous reports that, lower δ15N values in N2-fixing legumes is due to their greater reliance on atmospheric N2 fixation (Unkovich et al., 2008; Szpak, 2014). With relatively lower δ15N values, therefore, symbiotic dependence (%Ndfa) was much higher in landraces Heng MM (68%) and Funsi (67%) at Nyankpala, Funsi (67%) at Savelugu, and in Heng MM (67%) and Funsi (67%) at Gbalahi. The high N2-fixing trait of these landraces is a desirable trait that can confer adaptation to low N environments such as those in this study. Owing to the observed differences in the percent N derived from symbiosis by the test landraces, the amounts of N-fixed also varied markedly, and closely mirrored the patterns of their shoot biomass and N accumulation. Moreover, symbiotic N and endogenous soil N both contributed to enhanced plant growth, a finding further supported by the positive correlations observed when shoot biomass was plotted against N-fixed, soil N uptake, and shoot N content (Figure 5). Due to the high symbiotic dependence by Kersting's groundnuts in this study, the amounts of N-fixed by landraces were generally greater than their soil N uptake values, with the amounts of N-fixed ranging from 46 to 69 kg ha−1 at Nyankpala, 48 to 73 kg ha−1 at Savelugu, and from 41 to 71 kg ha−1 at Gbalahi. Legumes exhibiting greater N2 fixation often show less dependence on soil N since the efficiency of the legume–rhizobia symbiosis diminishes with higher endogenous soil N concentrations (Zahran, 1999; Mbah and Dakora, 2017).

Across the board, the relatively lower overall δ15N values in the plants grown at Nyankpala and Savelugu resulted in higher %N and reduced C/N ratio in those plants probably due to enhanced symbiosis (Supplementary Table 2). Although C/N ratio did not markedly vary among the Kersting's groundnut landraces, the values were generally low and ranged between 14.4 and 20.2 g g−1 across the three sites, a finding that could be attributed to the reduction of atmospheric N2 to NH3 in their root nodules (Hobbie et al., 1998; Wolf et al., 2017). These results agree with earlier reports that legumes exhibit a characteristic low C/N ratio (<24 g g−1) due to their N2-fixing activities as opposed to higher values (>24 g g−1) often recorded in non-legumes (Hobbie et al., 1998). The legume–rhizobia symbiosis is such that, rhizobia in root nodules fix atmospheric N2 in exchange for plant photosynthates (Oldroyd et al., 2011), a functional link that was further illustrated by positive correlations between %N and %C in shoots of Kersting's groundnuts in this study. Thus, the increased supply of carbon compounds from photosynthesis stimulated greater N2 fixation in root nodules of the test landraces, such that higher shoot N concentration was accompanied by higher C concentration (Mohammed et al., 2018). Nevertheless, although the overall percent N derived from symbiosis was unaltered between locations, the shoot δ15N values of landraces showed marked variations, and closely mirrored the patterns in the endogenous soil N concentrations between the three sites (Supplementary Table 2). Thus, due to the relatively lower N content of soils at Savelugu (0.016%), the plants at the site recorded much lower overall δ15N value; conversely, the relatively higher endogenous soil N concentrations at Nyankpala (0.023%) and Gbalahi (0.031%) led to higher δ15N values in the plants at those sites due to a suppression of the symbiosis (Mbah and Dakora, 2017). However, although the observed lower δ15N in plants at Savelugu were accompanied by greater ureides biosynthesis and hence higher relative ureide abundance in the xylem sap, the RU-N in plants at Nyankpala were unexpectedly very low due to their reduced ureides concentration (Supplementary Table 3). Whether the dramatic reduction in the concentration of ureides in xylem sap at Nyankpala was influenced by the dynamics in soil moisture levels at the time of sampling was not assessed. Whatever the case, however, the ureide measure of symbiosis is instantaneous and can therefore be influenced by soil/environmental factors prevailing at the time of sampling as opposed to the more integrative 15N natural abundance technique (Unkovich et al., 2008).

Low grain yield of Kersting's groundnut on farmers' fields partly accounts for the decline in its cultivation (Ayenan and Ezin, 2016). In this study, average grain yield ranged between 445 and 959 kg ha−1 at Nyankpala, between 398 and 832 kg ha−1 at Savelugu, and between 164 and 365 kg ha−1 at Gbalahi. The relatively higher grain yield in the plants at Nyankpala and Savelugu could be attributed to adequate soil moisture during plant establishment and pod filling due to timely planting at the site relative to the cropping season (Figure 1). The fact that most landraces with greater shoot biomass coupled that with increased N accumulation and grain yield in some instances suggests complementary roles of symbiosis and soil N uptake in promoting the growth and yield of Kersting's groundnut in this study. The grain yield recorded by landraces in this study are generally lower than values (up to 1,876 kg ha−1) reported in earlier studies (Bayorbor et al., 2010; Mohammed et al., 2018). Although planting date was not reported in their study at Nyankpala (Bayorbor et al., 2010), earlier planting could have contributed to the higher yields obtained for the same landraces in that location. However, grain yield was reduced (192–688 kg ha−1) when planting was carried out in July in another experiment (Adu-gyamfi et al., 2012) possibly due to reduced soil moisture during crop development and/or pod filling. Variations in soil moisture resulting from differences in planting dates and/or rainfall distribution could possibly explain the patterns of grain yield across the three locations in this study (Figure 1).



Variations in Water Use Efficiency (δ13C) in Field-Grown Kersting's Groundnut Landraces

Even though Kersting's groundnut is reported to thrive well under drought conditions (Mergeai, 1993), there is no available report on the crop's water use efficiency. In this study, shoot δ13C was used as a measure of water use efficiency. The landraces Heng MM and Heng RM, both with high grain yield at Nyankpala also exhibited greater water use efficiency at that site as evidenced by their higher shoot δ13C (−29.48‰ and −29.60‰, respectively), when compared to other landraces. On the other hand, the landrace Sigiri coupled the least grain yield with the lowest water use efficiency at Nyankpala, recording a δ13C value of −29.97‰. These findings clearly indicate variations in water use efficiency among the tested Kersting's groundnut landraces in this study. Nevertheless, the fact that shoot δ13C values of the test landraces were much lower than values reported for some Bambara groundnut (−26.2‰) and soybeans (−25.1‰) elsewhere (Mohale et al., 2014; Mapope and Dakora, 2016) suggests that the plants in this study might have received adequate rainfall during the growth period, leading to an increase in C isotope discrimination and hence lower δ13C values. Among the landraces, Boli exhibited consistently high water use efficiency across the three locations followed by Heng MM and Heng RM, which also exhibited greater water use efficiency at Nyankpala and Savelugu. Interestingly, grain yield correlated positively with shoot δ13C at Nyankpala (r = 0.22, r2 = 0.09, p = 0.004), just as the combined data from all the test locations also revealed a positive correlation between the two parameters (r = 0.25, r2 = 0.06, p < 0.001), although these relationships were weak. These findings could explain why Kersting's groundnut is able to thrive and produce yield under water-limiting conditions in the African savanna (Mergeai, 1993; Mohammed et al., 2018). The fact that most landraces with higher grain yield in this study coupled that with relatively greater water use efficiency is a trait that could be exploited for increased production of Kersting's groundnut in water-limiting environments.

Aside from the observed genotypic differences, there was also a marked effect of planting location on δ13C of Kersting's groundnut in this study, with plants at Savelugu eliciting the highest overall water use efficiency (shoot δ13C) followed by those planted at Nyankpala and Gbalahi. The observed variations in shoot δ13C values of plants between locations could be attributed to the variations in rainfall distribution and soil moisture during plant growth. Although grain yield at Gbalahi was reduced by decreased soil moisture due to late planting at the site relative to the rains (Figure 1), the stress happened at the onset of podding. As a result, the expected greater δ13C (water use efficiency) from water stress (Wang et al., 2016) was not noticed in plants at the site since sampling was done around the same time (early podding) that the water stress started. Nevertheless, the total rainfall from sowing till plant sampling was 481 mm at Nyankpala, 471 mm at Savelugu, and 305 mm at Gbalahi. The lower δ13C in plants at Gbalahi relative to those in the other locations was therefore unexpected since plants exposed to reduced soil moisture are known to exhibit greater water use efficiency (δ13C) (Farquhar et al., 1989; Wang et al., 2016). However, the field at Nyankpala was previously fallowed while the soils at Savelugu were shallow despite being under cultivation. The surprisingly lower δ13C in plants at Gbalahi might have been due to alterations in soil structure resulting from cultivation practices at the site that might have favored improved water retention capacity. The fact that δ13C was highest at Savelugu could however be attributed to both reduced rains at the site relative to Nyankpala coupled with lower water retention capacity due to an observed shallow nature of the soils at the site. An earlier study with soybeans also observed reduced δ13C in some areas with lower rainfall compared to those with higher rains due to differences in tillage systems (Mapope and Dakora, 2016).



The Response of Kersting's Groundnut Landraces to Bradyrhizobium Inoculation

Previous studies on legume inoculation in the field have reported variable response due to environmental differences, crop species, and/or genotypes as well as rhizobial strain differences in N2-fixing efficiency (Ulzen et al., 2016; Kyei-Boahen et al., 2017; Mohammed et al., 2018). In this study, plant growth, symbiotic performance, and grain yield of the test landraces showed variable response to inoculation with the two Bradyrhizobium strains. Inoculation response was markedly influenced by the crop landrace, location, and the strain of Bradyrhizobium used, indicating differences in host–soil microbiome compatibility. Although interaction effects within study sites were significant for several parameters (Tables 1–4), for brevity, the results are discussed for shoot biomass, N-fixed, and grain yield for landraces that showed consistent patterns of interactions for those parameters. The test landraces showed contrasting response to inoculation between the study locations, with bacterial inoculation of landraces Dowie, Heng MM, and Nakori with either Bradyrhizobium strains at Savelugu resulting in enhanced plant growth and N-fixed, leading to significant grain yield increases over non-inoculation in the case of Heng MM (Figures 2A–C). Despite the reduced shoot growth and N-fixed in uninoculated Nakori plants at Savelugu, however, grain yield was markedly increased when compared to inoculation of the landraces with Bradyrhizobium sp. strain CB756 (Figures 2A–C). In contrast to the plants at Savelugu that showed positive inoculation response, non-inoculation of Dowie, Heng MM, Nakori, and Puffeun at Nyankpala markedly enhanced plant growth and the amounts of N-fixed, resulting in significant grain yield increases when compared to Bradyrhizobium inoculation of those landraces with either inoculant strains at the site (Figures 2D–F). The observed contrasting response to inoculation by Kersting's groundnut landraces between the two locations could be attributed to variations in the N2-fixing efficacy of the native rhizobial populations between the sites. Whereas, the inoculated plants at Savelugu showed better symbiotic performance than their uninoculated counterparts at the site, the uninoculated plants at Nyankpala showed greater symbiotic performance than their inoculated counterparts. Similarly, the contrasting response to bacterial inoculation elicited by the plants at Gbalahi clearly highlights the complex effects of the crop landrace, inoculant strain, and location-specific factors on the Kersting's groundnut–rhizobia symbiosis under field conditions. Previous studies have highlighted the complex nature of legume inoculation response under field settings, a process governed by the N2-fixing efficiency of the inoculant strains as well as their competitive ability for nodule occupancy relative to the resident/indigenous strains (Catroux et al., 2001; Mohammed et al., 2018). Because the products of N2 fixation in root nodules of Kersting's groundnut are exported to the aerial portions as ureides via the xylem, the landrace/inoculant strain combinations that promoted higher shoot biomass a Gbalahi also recorded greater xylem ureides and amounts of N-fixed (Figure 3). Probably due to the instantaneous nature of the ureide measure of N2 fixation, however (Unkovich et al., 2008), some deviations were observed where higher xylem ureide levels did not translate into greater shoot biomass or N-fixed. Nevertheless, improved plant growth and symbiotic performance resulting from inoculation or non-inoculation at Gbalahi promoted significant grain yield increases, a finding that clearly demonstrates the importance of legume N2 fixation to plant growth and consequently grain yield production.

The trends in plant growth closely mirrored the patterns of N-fixed and was further illustrated by positive correlations between the two parameters (Figures 5A–C). The observed direct link between plant growth and N nutrition as observed with Kersting's groundnut in this study was earlier reported in field-grown cowpea and Kersting's groundnut (Belane and Dakora, 2010; Mohammed et al., 2018). The amounts of N-fixed by Kersting's groundnut in this study also varied interactively, with values ranging from 42 to 91 kg ha−1 at Nyankpala, from 44 to 80 kg ha−1 at Savelugu, and from 23 to 80 kg ha−1 at Gbalahi depending on the landrace/inoculant combinations used in those locations. These N-fixed values clearly indicate the potential role of Kersting's groundnut in sustainable agriculture, where their N contribution to soils from shoot residues after harvest could be substantial. The contribution of legume N2 fixation to plant growth and grain yield was further evidenced by positive correlations between RU-N in xylem sap and grain yield (Figure 4). It is this N2-fixing trait of nodulated legumes such as Kersting's groundnut that gives them advantage over non-legumes in low-N environments (Menge and Chazdon, 2016). The fact that shoot biomass correlated positively with N-fixed, soil N-uptake, and shoot N content shows that both symbiosis and soil N uptake complemented each other in enhancing the growth of Kersting's groundnuts in this study. Nevertheless, lower soil N uptake values were largely associated with greater dependence on symbiotic N, thus agreeing with known reports that low endogenous soil N stimulates greater symbiotic N2 fixation and vice versa (Zahran, 1999; Mbah and Dakora, 2017; Mohammed et al., 2018).

Depending on the landrace/inoculant strain combinations used, grain yield of the test Kersting's groundnuts varied between 515 and 1,198 kg ha−1 at Nyankpala, between 350 and 1,095 kg ha−1 at Savelugu, and between 135 and 432 kg ha−1 at Gbalahi. In most instances, the landrace/inoculant combinations that elicited greater plant growth and N-fixed also had high grain yield. Thus, whereas bacterial inoculation with either Bradyrhizobium strains generally improved symbiotic performance and grain yield of Kersting's groundnuts at Savelugu and Gbalahi, non-inoculation markedly enhanced N-fixed and grain yield over bacterial inoculation of the plants at Nyankpala, a clear indication of variations in the plant growth-promoting effects of the soil microbiomes between the test sites (Figures 2, 3).




CONCLUSION

This study has explored the N2-fixing capacity and water use efficiency (δ13C) of the orphan Kersting's groundnut in response to inoculation with two bradyrhizobial strains. The findings revealed high symbiotic dependence by Kersting's groundnut, which was influenced by the landrace/inoculant strain combination and planting location, indicating differences in the N2-fixing efficacy of native rhizobia between locations. Moreover, the differential performance of the inoculant strains between and among locations indicate possible variations in their competitiveness for nodule occupancy and their ability to persist and fix N2 in symbiosis with their host in the studied environments. Whereas, symbiosis accounted for a greater part of the N demand by Kersting's groundnut in this study, soil N uptake complemented the symbiotic process in enhancing plant growth, shoot N accumulation, and, in some instances, grain yield. Given that the overall symbiotic dependence by landraces in this study ranged between 58 and 68%, there is huge potential to increase the efficiency of the Kersting's groundnut–rhizobia symbiosis through manipulation of the host legume and its nodule symbionts. This effort could commence through exploring indigenous rhizobia within and without the crop's cultivation areas that are capable of higher N2 fixation in diverse environments.
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Landraces
Bol

Dowie

Funsi

Heng MM

Heng AM

Nakori

Puffeun

Sigir

Inoculation
Bradyrhizobium sp. 3267
Bradyrhizobium sp. CBT56
Un-inocuiated

F statistics

Landrace (1)

Inoculation ()

Lxl

Nodule DM
mg plant~?

8.6+ 091ab
8.8+ 1.22ab
5.6 +0.58d
89+ 091ab
9.4 +1.22a
7.8 £+ 0.69bc
74 £1.13¢
6.6+ 061d

8.8 +£0.65a
6.4 +0.53¢c
7.9 +0.58b

898
15.47*
14950

Shoot DM
gplant!

16+ 1.18bc
17 £ 0.82bc
18 £ 1.33bc
21 £ 1.40a
214092
21 £151a
16+ 1.11c
194 1.15ab

17 £ 049
19+ 0.74a
20 £ 1.08a

493
4.73 ns
294

Nconc'n
%

25+0.08a
28+0.13a
2.4 +0.06a
25+0.052
2.5+0.07a
25 +0.07a
25+0.07a
2.5+0.12a

2.4 +0.04a
2.5 +0.06a
26 +0.08a

1.64ns
2.10ns
0.68ns

C/N ratio
997!

16.4 £ 0.45a
14.7 +0.84a
17.1 £0.36a
16.6 £0.31a
16.0 £ 0.52a
16.1 £0.49a
16.7 £0.72a
16.4 + 0.50a

16.4 £ 0.34a
16.2+0.31a
15.8 £0.38a

1.67ns
0.78ns
0.78ns

N content
mg plant!

389 + 27.35cd
486 + 36.01abc
426 + 36.9bcd
508 + 38.28ab

545 + 30.94a
529 + 40.64a
389 £ 32.10d

481 4 47.99abc

418 £ 15.81b
476 £ 23.27a
513 £ 28.34a

346"
573"
1.95*

515N

-1.08+0.16a
~1.14 £ 0.16ab
—1.66 £ 0.16de
—1.66 £ 0.05e
—1.29 4 0.13abc
—1.26 + 0.08abc
—1.43 = 0.10cde
=1.39 £ 0.11bcd

—1.32 £ 0.06a
-1.29+0.10a
—1.44 £0.07a

5.50"*
261ns
7.08%

%Ndfa
%

60 +2.2%¢

61:£231de
67 £ 2.13ab
68 £0.74a
63 + 1.92cde
62 + 1.18cde
65 & 1.50abc
84 £ 1.67bed

63 £0.94a
63+ 1.42a
65 +1.06a

5.650
261ns
793

N fixed
kg ha™!

46 +2.21c
59 + 5.38ab
57  5.60abc

69 £5.12a

68 + 349

66+ 591a
51+ 4.75bc
61+ 6.01ab

53£222b
59+ 2.8%b
67 +£3.97a

Soil N uptake
kg ha™'

32 +3.77bc
38 + 3.42ab
28 +2.39%¢
32 +2.69bc
41+£382
39 + 2.58ab
27 £2.05¢
35 4.07abc

31+ 1.38b
36 + 2.50a
36 +2.06a

3.69"
3.433°
3.22

Grain yield
kg ha™'

783 £55.17¢c
627 + 63.18d
685 + 39.67d
959 + 69.72a
878  104.00b
850 + 24.82b
786 + 32.56¢c
445 £10.78¢

663 £ 32.27b
808 + 50.01a
784 £ 40.27a

52.45
31.94
20.14

§13c

—29.72 + 0.08abc
—29.67 + 0.11ab
—29.91 £ 0.09bcd
—20.48 +0.06a
—~29.60 + 0.06a
—29.71 +£0.07abc.
—29.93 £ 0.08cd
—29.97 4 0.09d

—20.72 +£0.05a
—29.80 + 0.06a
—290.73 £ 0.05a

4
1ns
1ns

Values (means < standard errors) with dissimilar letters in a column are significantly different at ***p < 0.001, *'p < 0.07 and *p < 0.05. Plants were sampled at early podding stage of all landraces. ns, not significant.
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Treatment Ureide-N  Nitrate-N  «-amino-N RU-N Ureide-N Nitrate-N  «-amino-N RU-N Ureide-N  Nitrate-N  a-amino-N RU-N

ngmi-! % pgmi-! % ngmi-! %

Landrace Nyankpala Savelugu Gbalahi

Boli 52+086a 0.55+0.07d 108+ 17.48a 9.3+2050 84+922d 49+068abc 30+1224e 83+516a 107 +699% 16.1+1.85a 121 £860a 58+ 1.97d
Dowie 20+£031b 130+£026b 58+622cd 6.1+ 120cd 1024 1099cd 56+06%b 74+7.57b 70+£262de 86 4.0dbcd 52+067d 106+8.32 60+ 1.84cd
Funsi 1.8£0.0%c 0900220 41515 8.1+ 147bc 1204 1388bc 6.0+045a 74+£660b 72:1.75cde Of £562bcd 56+044d 86:+£7.06c 66 1.94ab
Heng MM 51+097a 041+001d 63+458c 122+1.79% 73+1038d 4.3+0.8%bcd 65+ 10.26bc 68+873e 79+4.50d 9.0+ 1.3%c 131+19.7a7 63+8.87¢
Heng RM 20+£049b 050+005d 45+ 246ef 6.1 1.66cd 116+ 11.42bc 33+045d 46+408d 80+241ab 98+£990ab 7.6+ 068cd 102:+1458b 62 5.02cd
Nakori 50+1.21a 086+020c 73+ 11.20b 120+ 2.66a 102+ 16.08cd 4.7+093bc 86+ 11.17a 77 +£4.82bc 85+ 4.05bcd 7.4+0.75cd 70+ 6.84de 67 £2.29%
Puffeun 1.4+019c 087+020c 48+664def 4.1+ 1.11de 134 +1657b 39+057cd 71+11.58bc 75+£4.03bcd 80+8.49cd 139+227a 63+891e 64+ 1.54abc
Sigit 13+£0.12bc 1.63+0.13a 54=294cde B4:£047e 189+£19.14a 42+082d 60+£380c 84+128a 93+7.28bc 10.1+103b 78+3.42cd 65+ 2.28ab

Inoculation
Bradyrhizobium sp. 3267 3.7 +£062a 1.13+0.14a 67+883a 82x132 111+1228a 37x035b 67+657a 78+285a 88+4.05b 9.3+£086ab 107 £885a 59+2.02b
Bradyrhizobium sp. CB756 1.9+0.20b 0.77+0.0%b 66+4.44a 50+073c 109+863a 48x+043a 72+587a 71+£230b 96+449a 107+133a 77+660b 66+1.68a

Uninoculated 33+062a 0.77+0.12b 6524369 9.7+119a 124+9.06a 563+049a 61+526b 80+148a 86+302b 81+£063b 100+6.06a 60+ 1.50b
F statistics

Landrace (L) 51.38" 5343 4591 20.90"* 9.78" 394" 21427 9.04* 495" 22,05 32.94" 842"
Inoculation (1) 36.26™" 34.18™ 18.84™ 29.07** 1.32ns 9.01" 22,06 14.87"* 3.80" 6.67" 37.02" 17.89"
Lxl 32.63" 39.04* 36.93" 23.62"* 3.99 9.88"* 25.46" 12.52* 6.83" 8.88™* 30.00" 14.81*

Values (means < standard errors) with dissimilar letters in a column are significantly different at ***p < 0.001, *'p < 0.07 and *p < 0.05. Plants were sampled at early podding stage of all landraces. ns, not significant.
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