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Abstract
Intercropping of legumes and cereals has many benefits to both plant partners. In this study, the effect of legume-maize 
intercropping on plant growth, grain yield and N2 fixation of six legumes was assessed using the 15N natural abundance and 
ureide techniques. For this, a field experiment involving six legume species and two cropping systems was established at the 
Malkerns Research Station, Eswatini during the 2017/2018 cropping season. Based on the 15N isotopic and ureide analysis, 
the six test legumes respectively obtained 39.06 – 70.19% and 16.46 – 55.79% of their N nutrition from symbiosis. The 
amounts of N-fixed ranged from 12.66 to 66.57 kg ha−1. In general, high amount of N-fixed by legumes correlated strongly 
with greater shoot dry matter accumulation (r = 0.7981; p < 0.001) and high grain yield (r = 0.5905; p < 0.001), indicating 
the importance of N2 fixation in plant growth and reproduction. Legumes grown under monocropping recorded higher plant 
growth, symbiotic performance and grain yield when compared to those grown in mixed culture with maize. However, 
shoot %Ndfa was much higher under intercropping than sole cropping due to competition by cereal and legume for soil N. 
Components of maize yield were similar for the two cropping systems. The %N derived from fixation and %relative ureide-
N abundance were significantly correlated (r = 0.4005; p < 0.001), indicating that the 15N natural abundance technique and 
the ureide method were complementary in measuring N2 fixation in the test legumes. These results have provided some 
insights on the impact of cropping system on plant growth, symbiotic performance and grain yield of six selected legumes.

Keywords  Nitrogen fixation · Ureide · %Ndfa and grain yield

 *	 Zanele D. Ngwenya 
	 NgwenyaZD@tut.ac.za

	 Mustapha Mohammed 
	 imustaph@gmail.com

	 Felix D. Dakora 
	 DakoraFD@tut.ac.za

1	 Department of Crop Sciences, Tshwane University 
of Technology, Private Bag X680, Pretoria 0001, 
South Africa

2	 Department of Chemistry, Tshwane University 
of Technology, Private Bag X680, Pretoria 001, South Africa

3	 Department of Crop Science, University for Development 
Studies, P.O. Box 1350, Tamale, Ghana

1  Introduction

Cereal-legume intercropping plays a central role in 
smallholder farming in developing countries, especially 

where water resources are limited (Tsubo et al. 2005). 
In Southern Africa, smallholder farmers generally grow 
drybean as an intercrop with maize, the main staple 
crop. When associated with soil bacteria called rhizo-
bia, legumes form root nodules, and the bacteria inside 
these structures are able to reduce atmospheric N2 into 
NH3 for their own use. Although, the excess NH3 is 
available for plant use, it can also be excreted from the 
nodules into the soil for uptake by associated plants 
(Dahmardeh et al. 2010). One of the earliest studies 
found that an intercropped legume could contribute as 
much as 40 kg N ha−1 to an associated maize crop (Wil-
ley 1979). Legumes are therefore a sustainable source 
of N in cereal-legume intercropping systems (Shen and 
Chu 2004). Several studies have shown that legume-
maize intercropping can produce greater yields than 
either species grown alone (Li et al. 1999; Dahmardeh 
et al. 2010; Manasa 2020; Nasar et al. 2020).
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The inclusion of legumes in cropping systems also has the 
advantage of making extra N available to subsequent cereal 
crops from biological N2 fixation (Ghanbari‐Bonjar 2003; 
Dahmardeh et al. 2010). Furthermore, legumes can directly 
benefit associated cereal crops in low-N soils through N 
transfer from nodules to the cereal (Shen and Chu 2004), 
thus decreasing the N fertilizer requirements of cereals in 
an intercrop (Shen and Chu 2004). Additionally, intercrop-
ping is known to achieve higher grain yield than mono-
culture through improving the efficient use of water, light, 
nutrients, and other resources (Li et al. 2011). In fact, most 
intercropped crop species are complementary, as they gener-
ally use a given resource differently based on time, space, 
and growth characteristics (Zhang et al. 2014). Maitra et al. 
(2020) also found that success in a maize-legume intercrop-
ping system was largely dependent on factors such as the 
choice of crops, their maturity, density, and time of planting.

Currently, there are several methodologies for quantify-
ing N2 fixation by nodulated legumes and these include the 
N balance, N difference, 15N isotope dilution, ureides con-
centration and acetylene reduction techniques (Peoples et al. 
1989; Herridge and Giller 2016). Nitrogen balance compares 
the total N of a plant-soil system on two separate occasions, 
with any increase attributed to N2 fixation after other pos-
sible inputs and outputs of N have been accounted for. On 
the other hand, the N difference method compares total N 
accumulated by the N2-fixing plants with that of neighbour-
ing non N2-fixing plants, with the difference assumed to be 
due to N2 fixation (Unkovich et al. 2008). The 15N and ureide 
methods provide estimates of the percentage of total N of 
the legume crop that is derived from N2 fixation (%Ndfa) 
(Herridge and Giller 2016) whereas the acetylene reduc-
tion technique assays the activity of nitrogenase, the enzyme 
catalyzing N2 fixation (Peoples et al. 1989:2; Herridge and 
Giller 2016).

In the current study, the 15N natural abundance and 
ureide techniques were employed to quantify the biologi-
cal nitrogen fixation of selected test legumes. Despite the 
many benefits of intercropping, little information currently 
exists on maize-legume mixed culture in Eswatini, where 
maize intercropping is dominant. The aim of this study was 
to evaluate the effect of maize and legume intercropping on 
plant growth, symbiotic performance, and grain yield of six 
selected grain legumes in Eswatini.

2 � Materials and methods

2.1 � Study site

A field experiment was conducted at the Malkerns Research 
Station (26°33’S, 31°10’E), located in the Middleveld Agro-
ecological zone of Eswatini. The area has a mean annual 

rainfall ranging from 800 to 1000 mm and an annual mean 
temperature of 7 °C to 26.6 °C (Edje and Ossom 2009; 
Dlamini et al. 2021). The daily temperatures recorded dur-
ing the cropping season (December to May) ranged from 
12.1 °C to 18.3 °C for minimum and 25.3 °C to 28.9 °C 
for maximum in the 2017/2018 cropping season (Table 1). 
The total rainfall recorded during the study period was 
2986 mm in 2017, and 1189.2 mm in 2018. However, the 
total rainfall from planting to harvest was 816.4 mm dur-
ing the 2017/2018 cropping season. The soil type at the 
Malkerns Research Station is classified as Deep Red Loam 
using the Malkerns series (Kunene et al. 2019). Prior to 
planting, soil samples were collected from plots across the 
field, and bulked for analysis of soil chemical and physical 
properties. The bulk soil had pH 5.15 and contained 19.63 
cmol( +) kg−1 CEC, 1.14% SOC, 0.075% N, 14 mg kg−1 
P, 54  mg  kg−1  K, 0.91  mg  kg−1 Cu, 461  mg  kg−1 Ca, 
204 mg kg−1 Mg, 0.91 mg kg−1 Co, 452.80 mg kg−1 Fe and 
1.69 mg kg−1 Zn.

2.2 � Experimental design and planting

The field experiment involved intercropping maize with six 
selected legumes. The maize and legumes were planted as 
sole crops or intercropped in a randomised complete block 
design, with 13 treatments, and replicated four times. The 
treatments consisted of maize (cv. SC 403) and six legumes 
[namely, Bambara groundnut, cowpea (Mtilane local), dry-
bean (cv. Kranskop), groundnut (cv. Natal common), jack 
bean (Accession 493) and soybean (Nukwa local)] planted 
as sole crops or intercropped with maize (Supplementary 
Table S1). Nitrogen was applied to the field as a blanket 
treatment at a single rate of 10 kg N ha−1 using NPK (2:3:2). 
The experimental plots measured 4.5 m by 5 m (22.5 m2) 
with 1 m separating adjacent plots and blocks. For sole 
maize, two seeds were planted per hole at a depth of 5 cm 
and later thinned to one seedling at a spacing of 0.9 m by 
0.25 m. For sole-planted legumes, two seeds were sown per 

Table 1   Climate monthly data for the cropping season (2017/2018) 

Temperature
(°C)

Rainfall (mm) Relative 
humidity
(%)

2017/2018 Min Max Min Max

December 16.9 26.8 228.6 66.6 95.8
January 16.9 28.9 100 55.6 95.5
February 18.3 28.3 175 64 96.8
March 16.8 28.5 200 62.4 97.8
April 15.7 26.7 76.6 62.6 97.8
May 16.92 25.3 36.2 51.9 96.7
Mean 16.9 27.4 136.1 60.5 96.7
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hole at 5 cm depth and thinned to one plant with 0.9 m by 
0.15 m spacing. With intercropping, Bambara groundnut, 
cowpea, drybean, groundnut, jack bean and soybean seeds 
were planted in between two rows of maize with 45 cm spac-
ing from the maize plants. Weeds were controlled manu-
ally using hand hoe, and pests controlled chemically using 
a mixture of Chlorpyrifos and Beef oil. Ploughing of the 
experimental field was done mechanically and harrowing 
done with a disc plough. Bulk soil samples were collected 
across the field at a depth of 30 cm, pooled and air-dried 
at room temperature, sieved (2.0 mm sieve) and analyzed 
at the Agricultural Research Council, Pretoria and at the 
Department of Agriculture, Elsenburg, Western Cape, for 
pH, soil organic carbon, cation exchange capacity and min-
eral nutrients.

2.3 � Sampling for nodulation and plant biomass

Four legume plants per plot were sampled at early podding 
stage by digging them up and separating into shoots and 
nodulated roots. The shoots were stored in labelled brown 
paper bags and the roots with intact nodules were kept in 
plastic Ziploc bags, and transported to the laboratory. The 
roots were then gently washed to remove debris, and the 
nodules detached, counted and stored in silica gel prior to 
bacterial isolation and use in bacterial diversity studies. The 
shoot samples were each oven-dried at 65 °C to a constant 
weight to determine shoot dry matter yield. The shoots 
were then finely ground (0.85 mm) for isotopic analysis to 
assess N2 fixation of the selected test legumes. The stems 
plus petioles of Bambara groundnut, cowpea, drybean, jack 
bean and soybean, which belong to the tribe Phaseoleae, 
were weighed and ground for ureide analysis as an additional 
measure of N2 fixation.

To measure soil N uptake by the legumes, non-legume 
plant species growing within the experimental plots were 
sampled concurrently as the test legumes, and the shoots 
processed for 15N/14N isotopic analysis. These non-legume 
plants were used as reference plants to measure soil N uptake 
by the test legumes.

2.4 � Shoot 15N/14N analysis

15N isotopic analysis was performed at the Stable Light Iso-
tope Laboratory, University of Cape Town, South Africa. 
Briefly, 2.5 mg of ground legume samples or reference 
plant samples were weighed into tin capsules and fed onto a 
Carlo Erba NA1500 Elemental Analyzer coupled to a Finni-
gan MAT 252 Mass Spectrometer (Finnigan MAT GmbH, 
Bremen, Germany) via a Conflo II Open-Split Device. An 
internal standard of Nasturtium spp. was included after 
every five runs of the plant samples to correct for machine 
error associated with the isotopic analysis. The δ15N values 

of each of the six test legumes were calculated using the 
equation (Unkovich et al. 2008):

where 15N/14Nsample is the abundance ratio of 15N and 14N in 
the plant sample, and 15N/14Natm is the abundance ratio of 
15N and 14N in atmospheric air.

The %N in shoot was obtained directly from the mass 
spectrometer, and the shoot N content calculated as the prod-
uct of %N and shoot dry matter.

The proportion of legume N derived from atmospheric N2 
fixation (%Ndfa) was calculated as (Unkovich et al. 2008):

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 the test leg-
ume solely dependent on N2 fixation for its N nutrition.

2.5 � Determination of B‑value

The B values used for Bambara groundnut, cowpea, drybean, 
groundnut and soybean were obtained from literature as -1.40, 
-1.61, -2.16, -0.88 and -1.83‰ respectively (Unkovich et al. 
2008; Mohale et al. 2014). However, the B value of jack bean 
used in this study was experimentally determined in the glass-
house. For this, seeds of jack bean were surfaced-sterilised in 
95% ethanol, followed by soaking in 3% sodium hypochlorite 
solution. The jack bean seeds were then rinsed five times in 
sterile distilled water and planted in autoclaved sand contained 
in plastic pots with sterile non-absorbent cotton covering the 
top to avoid contamination. Three pots were used for each of 
the isolates. The germinated seeds were inoculated with 1 mL 
broth suspension of rhizobial isolates earlier obtained from 
the root nodules of the jack bean. The plants were watered 
with N-free nutrient solution (Broughton and Dilworth 1971).

Sixty days after planting, the seedlings were harvested 
and separated into shoots, roots and nodules. The shoots and 
roots were oven-dried (65 °C) for 48 h and weighed. Shoots 
and roots of each plant were separately ground and analyzed 
for 15N/14N isotopes using mass spectrometry. The mean 
δ15N value (-0.77‰) was calculated and used as the B-value 
to estimate the proportion of N derived from atmospheric N2 
fixation by jack bean..

2.6 � Amount of N‑fixed in shoots

The N-fixed by each test legume species was calculated as:

�
15N( o

/
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[

15N∕14N
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2.7 � Soil N uptake

Soil N uptake was determined as the difference between leg-
ume total N and the amount of N-fixed.

2.8 � Analysis of ureides and nitrate in stems 
and petioles

2.8.1 � Solute extraction from ground stems and petioles

A 0.5 g ground stem plus petiole sample was weighed and 
transferred into 100 mL Erlenmeyer flask, and 25 mL dis-
tilled water added to each sample and boiled for 2 min in a 
hot water bath. The hot samples were filtered into a 50 mL 
Erlenmeyer flask using 15 cm Whatman No. 40 filter paper. 
The residue left was washed with distilled water, allowed to 
cool and the volume brought to 50 mL with distilled water. 
The extract was then stored at -20 °C in small vials prior 
to analysis of N solutes. Ureide and nitrate analyses were 
performed as described by Unkovich et al. (2008).

2.8.2 � Ureide analysis

The concentration of ureides in plant extracts was deter-
mined colorimetrically as described by Young and Conway 
(1942). A standard curve of optical density (OD) plotted 
against the concentrations of allantoin standards (Fig. 1A) 
was used to extrapolate the concentration of ureide in the 

N − fixed =
%Ndfa

100
× Shoot content of legume

test sample. Briefly, 0.5 mL volume of the plant extract was 
pipetted into duplicate test tubes and made up to 2.5 mL 
with distilled water. Also, 2.5 mL of control (water) blanks 
and 2.5 mL of each of the five ureide standards (0, 0.01, 
0.02, 0.04 and 0.10 mM) were included and 0.5 mL of 
0.5 M NaOH added to each extract and standard. The test 
tubes with samples were placed in boiling water for 10 min, 
and removed from the water bath to cool on the bench at 
room temperature. Thereafter, 1.0 mL HCl / phenyl hydra-
zine chloride solution (100 mL 0.65 M HCl + 0.33 g phenyl 
hydrazine in 100 mL distilled water) was added to each tube 
and vortexed. The samples were then boiled for 2 min in a 
hot water bath and immediately placed in ice for 15 min, 
followed by adding 2.5 mL 10 M HCl / potassium ferricya-
nide solution and mixing thoroughly for colour to develop. 
Absorbance readings were taken after 10 min of colour 
development. The optical density (OD) was read at 525 nm 
on a UV–Visible Spectrophotometer (JENWAY 7300, Bibby 
Scientific Ltd, Stone, Staffs). The equation from the standard 
curve generated (Fig. 1A) was used to compute the concen-
tration of ureides (mM) in the plant extracts and expressed 
as µg ureide-N. mL−1 of plant extract.

2.8.3 � Nitrate assay

Nitrate–N in the plant extracts was analyzed using the sal-
icylic acid method (Cataldo et al. 1975), as described by 
Unkovich et al. (2008). A standard curve was constructed 
of optical density versus known nitrate concentrations 
(Fig. 1B), and the absorbances of extracts read from the 
standard curve. Duplicate tubes were used for each nitrate 
concentration and the control (water). Briefly, 0.05 mL 

Fig. 1   Standard curves showing 
the response of O.D. to increas-
ing concentrations of A) ureides 
and B and C) nitrate 
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of each extract, standard or water (control) was pipetted 
into duplicate test tubes, and 0.20 mL salicylic/sulphu-
ric acid added, vortexed and left to stand on the bench at 
room temperature for 20 min, then 4.75 mL 2 M NaOH 
was added, and left to stand on the bench at room tempera-
ture for 10 min for a yellow colour to develop. The optical 
density was quickly read at 410 nm using the UV–Visible 
Spectrophotometer (JENWAY 7300, Bibby Scientific Ltd, 
Stone, Staffs). The nitrate concentration in each test sample 
was calculated using the equation from the standard curve 
(Fig. 1B). The nitrate concentration in the samples was 
expressed as µg nitrate–N. mL−1 of plant extract.

Percent relative ureide-N abundance.
The percent relative ureide-N abundance (RU–N) was 

calculated as:

where a and b are the molar concentrations of ureide-N 
(ureides contain four N atoms per molecule) and nitrate–N, 
respectively (Unkovich et al. 2008).

2.8.4 � Grain yield determination

At physiological maturity, two inner rows per plot were 
harvested for both maize and each legume crop (Bambara 
groundnut, cowpea, drybean, groundnut, jack bean and soy-
bean) to determine the grain yield. The pods were sepa-
rated from the plants, air-dried to 15% moisture content and 
shelled to obtain the seeds. The maize cobs were air-dried to 
12.5% moisture content and five cobs per plot shelled manu-
ally. The seeds were then weighed, and grain yield expressed 
per hectare based on the plant population. Additionally, 100-
seed weight was determined for each test plant species.

2.9 � Statistical analysis

The data collected were tested for normality before being 
subjected to a 2-way analysis of variance using Statistica 
(version 10.1). Duncan’s multiple range test was used to sep-
arate means that showed significant differences at p ≤ 0.05. 
Correlation analyses were performed to assess the relation-
ship between measured parameters.

3 � Results

3.1 � Shoot δ15N values of reference plants

The combined mean δ15N value of all the reference plants 
collected from the experimental plots was used to calculate 
soil N uptake (+ 7.79‰) by the six legumes (Supplementary 
Table S2).

RU − N(%) = [(4a)∕(4a + b)] × 100

3.2 � Plant growth, symbiotic parameters and grain 
yield

3.2.1 � Main effect of species

Of the six legumes tested, jack bean produced much larger 
amount of shoot DM, followed by soybean, groundnut, and 
then cowpea (Table 2), while drybean recorded the lowest 
shoot biomass. Shoot %N was however higher in soybean, 
followed by jack bean, and lowest in drybean (Table 2). 
Shoot N content was also much higher in jack bean, fol-
lowed by soybean, and lowest in drybean. Shoot δ15N values 
were lowest in Bambara groundnut, and much higher in soy-
bean (Table 2). As a result, percent N derived from fixation 
was highest in Bambara groundnut, followed by groundnut, 
and lowest in soybean. However, the amount of N-fixed was 
much greater in jack bean due to its bigger shoot DM, and 
lowest in drybean which recorded the least shoot biomass. 
Soil N uptake ranged from 13.4 to 90.7 kg ha−1, and was 
highest in jack bean. Grain yield was highest in jack bean, 
followed by Bambara groundnut and groundnut, and lowest 
in cowpea (Table 2).

3.3 � Main effect of cropping system

Shoot biomass, N content, δ15N, amount of N-fixed and soil 
N uptake were all significantly higher in monocropping com-
pared to intercropping (Table 2). Percent N derived from 
fixation was however much greater in mixed culture relative 
to monocropping. But shoot N concentration and grain yield 
were similar for sole and mixed culture (Table 2).

3.4 � Species x cropping system interaction

Species x cropping system interaction was significant for 
shoot DM, shoot %N, N content, δ15N, percent N derived 
from fixation, amount of N-fixed, soil N uptake and 
grain yield (Table 2). Shoot %N was similar for sole and 
mixed cropping in Bambara groundnut, cowpea, drybean, 
groundnut and jack bean, but greater in monocultured soy-
bean than mixed culture (Fig. 2A). Shoot N content was 
however higher under monocropping than intercropping 
for cowpea, drybean, groundnut, jack bean and soybean, 
but lower in sole crop relative to mixed cropping for Bam-
bara groundnut (Fig. 2B). Shoot δ15N values were greater 
in monocultured Bambara groundnut, cowpea, drybean 
and groundnut than mixed culture, except for jack bean 
which recorded similar values in the two cropping systems 
and soybean which had the highest shoot δ15N in mixed 
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culture (Fig. 2C). As a result of the higher shoot δ15N val-
ues under monocropping, the percent N derived from fixa-
tion was significantly lower in the shoots of all test species 
under sole cropping, except for soybean which derived 
more N from fixation in monoculture than mixed culture 
(Fig. 2C). The amount of N-fixed was much higher in sole 
cropped cowpea, groundnut and soybean than mixed cul-
ture. In contrast, N-fixed was greater in mixed cultured 
Bambara groundnut, and similar for drybean and jack bean 
in the two cropping systems (Fig. 2E). Soil N uptake was 
significantly increased in shoots of monocultured cowpea, 
drybean, groundnut, jack bean and soybean compared to 
the mixed culture, but similar for the two cropping systems 
in Bambara groundnut (Fig. 2F). Grain yield was generally 
higher in all six test species grown under monoculture, but 
significant for only Bambara groundnut, groundnut, jack 
bean and soybean (Fig. 3).

3.5 � Growth and yield components of maize 
intercropped with legumes

Maize intercropped with Bambara groundnut recorded the 
highest shoot DM, followed by sole maize and maize inter-
cropped with groundnut (Table 3). Cob length per plant, 
seed rows per cob, cob diameter, seed dry weight per plant, 
100-seed weight and grain yield were similar for both sole 
and intercropped maize (Table 3).

3.6 � Tissue ureide and nitrate concentrations

In the ureide analysis, the absorbance of samples were 
higher for soybean and cowpea when compared to the other 
legumes, followed by drybean, and lowest in jack bean. As a 
result, ureide concentration in stem + petiole was also mark-
edly greater in soybean and cowpea and lowest in jack bean 
(Table 4). The optical density of nitrate in stem and peti-
ole extracts was highest in soybean and lowest in Bambara 
groundnut (Table 4). As a result, nitrate levels were also 
much greater in soybean, and lowest in Bambara groundnut. 
Percent relative ureide-N abundance was highest in Bambara 
groundnut, cowpea and drybean, and lowest in jack bean 
(Table 4).

3.7 � Main effect of cropping system

Optical densities of stem + petiole extracts, ureide and nitrate 
concentrations, as well as percent relative ureide-N abun-
dance were all unaffected by cropping system (Table 4).

3.8 � Species x cropping system interaction

Species x cropping system interaction was significant for 
ureide concentrations, nitrate levels in stem and petioles, 
as well as for the percent relative ureide-N abundance 

Table 2   Plant growth and symbiotic parameters of six legume crops grown at Malkerns in the middle-veld of Eswatini in 2017/18 cropping sea-
son. At planting all plots received a single dose of mineral N at 100 kg ha−1 [NPK (2:3:2 (48)]

Values (means±SE of dissimilar letters in a column are significantly different at*p≤0.05, **p≤0.01, ***p≤0.001, DM=dry matter, N=nitrogen

Treatment Shoot DM %N N content δ 15N Ndfa N fixed Soil N uptake Grain yield

g plant−1 mg plant−1 ‰ % kg ha−1 kg ha−1 kg ha−1

Species
Bambara 

groundnut
30.52 ± 0.64c 2.64 ± 0.05c 802.46 ± 16.35c 1.34 ± 0,11d 70.19 ± 1.21a 41.82 ± 1.30b 17.62 ± 0.62d 4513.67 ± 1416.57b

Cowpea 37.62 ± 1.74b 2.25 ± 0.04d 849.42 ± 45.66c 3.27 ± 0.15b 48.13 ± 1.54c 29.59 ± 0.90c 33.33 ± 2.66c 893.25 ± 223.55b
Drybean 19.20 ± 0.68d 1.83 ± 0.04e 351.77 ± 15.63d 2.88 ± 0.16c 49.39 ± 1.60c 12.66 ± 0.36d 13.40 ± 0.96d 2459.01 ± 503.46b
Groundnut 38.15 ± 2.94b 2.34 ± 0.03d 891.84 ± 68.26c 2.82 ± 0.13c 57.36 ± 1.53b 36.78 ± 1.97b 29.28 ± 3.14c 4122.45 ± 801.57b
Jack bean 69.27 ± 2.92a 2.92 ± 0.04b 2020.51 ± 81.66a 3.47 ± 0.06b 43.42 ± 3.28d 66.57 ± 5.28a 90.66 ± 9.41a 20,887.47 ± 3535.41a
Soybean 41.18 ± 3.60b 3.36 ± 0.07a 1410.93 ± 144.29b 4.03 ± 0.13a 39.06 ± 1.33e 42.63 ± 5.40b 61.89 ± 5.38b 1837.71 ± 310.59b
Cropping 

System 
(CS)

Intercrop-
ping

32.22 ± 1.89b 2.51 ± 0.07a 843.76 ± 64.79b 2.73 ± 0.15b 54.52 ± 1.84a 33.78 ± 2.81b 29.80 ± 3.00b 4057.59 ± 1227.43a

Monocrop-
ping

46.43 ± 2.78a 2.60 ± 0.08a 1265.22 ± 97.81a 3.21 ± 0.12a 47.99 ± 1.68b 42.90 ± 3.02a 52.26 ± 5.59a 7513.60 ± 1978.16a

F statistics
Species (S) 713.97*** 176.21*** 685.56*** 181.25*** 30.71*** 22.84*** 70.02*** 28.84***
Cropping 

system 
(C)

779.14*** 6.93* 541.67*** 74.05*** 59.52*** 57.41*** 81.48*** 9.13**

S x C 90.43*** 4.45** 86.77*** 31.71*** 7.73*** 13.55*** 6.84*** 2.06*
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(Table 4). An analysis of species x cropping system interac-
tion revealed marked differences in species response to the 
cropping systems (Fig. 4). As shown in Fig. 4A-C, Bambara 
groundnut and cowpea recorded significantly greater absorb-
ances and ureide concentrations with intercropping relative 
to monoculture, while soybean revealed the reverse. The 
same parameters in drybean and jack bean were however 
unaffected by cropping system (Fig. 4A-C). Intercropping 
increased tissue nitrate absorbances and concentrations in 
Bambara groundnut, and decreased it in monoculture, but 
these parameters were unaffected by cropping system in 
cowpea, jack bean and soybean (Fig. 4D-F). Except for 
drybean, which showed decreased percent relative ureide-
N abundance with intercropping, this parameter was unaf-
fected by cropping system in Bambara groundnut, cowpea, 
jack bean and soybean (Fig. 4G).

4 � Discussion

The ability of bacteroids in the root nodules of legumes to 
reduce atmospheric N2 to NH3 has huge nutritional benefits 
for associated intercropped partners, as well as to following 
cereal crops in rotation (Shen and Chu 2004; Mafongoya 
et al. 2006; Dahmardeh et al. 2010; Rusinamhodzi et al. 
2012). In this study, differences in plant growth, symbiotic 
functioning, and grain yield were evaluated in six grain leg-
umes intercropped with maize at Malkerns Research Sta-
tion, Eswatini. The results revealed significant differences 
in plant growth, symbiotic performance and grain yield due 
to species differences, phenology and growth characteristics. 
Whereas the levels of key elements such as N (0.075%), P 
(14 mg kg−1) and K (54 mg kg−1) were generally low in the 
test soil, the plants in this study benefited from the blan-
ket application of NPK fertilizer to plots prior to planting. 
In most instances, high shoot dry matter (SDM) in the test 
legumes was associated with high shoot δ15N, %N and N 
content as evidenced by jack bean which had the highest 
SDM, a relatively high shoot δ15N and %N as well as the 
highest N content (Table 2). Conversely, drybean had the 
lowest SDM, low δ15N and the lowest shoot %N and N con-
tent (Table 2). These findings were supported by the signifi-
cant positive correlations found between shoot DM and %N 
(r = 0.5280), shoot DM and N content (r = 0.9582) (Fig. 5A, 
B). Furthermore, intercropping with maize caused low leg-
ume SDM from competition with maize and low δ15N from 
increased N2 fixation triggered by competition from the 
associated cereal plant for soil N. Monocultured legumes 
however had high SDM, δ15N and N content, an indication 
of reduced competition for water and mineral resources. The 
observed low shoot DM and low shoot δ15N values associ-
ated with intercropping in this study are consistent with the 
findings of Kermah et al. (2018). It has been shown that low Ta
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shoot δ15N is generally the result of greater %Ndfa legumes 
(Mokgehle et al. 2014; Beyan et al. 2018; Lengwati et al. 
2020). This was also the case in this study, with legumes that 
recorded low δ15N values exhibiting high %Ndfa, and vice 
versa. Bambara groundnut, for example, recorded the lowest 
shoot δ15N and the highest %Ndfa, while soybean which had 
the highest shoot δ15N recorded the lowest %Ndfa (Table 2). 
Although Kermah et al. (2018) found that the %Ndfa of leg-
umes is not influenced by the cropping system but differs 
among legume species and study sites, this was not the case 
in this study as the cropping system had a marked effect 
on the %Ndfa of the test legumes (Table 2). Similar obser-
vations were made by Giller et al. (1991) who also found 
that intercropping of grain legumes with cereals generally 
resulted in the legume deriving a greater proportion of its N 
from symbiotic fixation than when grown in monoculture.

Due to their higher shoot biomass, the monocultured 
legumes produced more symbiotic N than their inter-
cropped counterparts (Table 2). These results were similar 
to those of Giller (2001) and Adeleke and Haruna (2012), 
who also reported greater shoot DM with monoculture 
leading to increased amounts of fixed-N when compared 
to the mixed culture. Egbe et al. (2013) as well as Kermah 
et al. (2018) also found high amounts of N-fixed in Bam-
bara groundnut, cowpea, groundnut and soybean monocul-
tures than when intercropped with maize. In contrast, shoot 
percent N derived from N2 fixation was much higher under 
intercropping than monocropping due to intense competi-
tion for soil N by two partners in the former system. As a 
result, soil N uptake by legumes was lower under mixed 
culture than monoculture. Independent of the cropping 
system, the amount of N-fixed was significantly higher in 

jack bean, possibly due to its huge shoot biomass, which 
required more N for growth and development. In general, 
the amount of N-fixed and soil N uptake were higher in 
monoculture than mixed culture. As a result, grain yield 
was also greater under monocropping than intercropping. 
At species level, jack bean produced more grain, followed 
by Bambara groundnut and groundnut. In general, mono-
cultures of the six legumes produced more grain yield than 
mixed cultures (Table 2).

In Southern Africa, smallholder farmers generally 
practice maize-legume intercropping in order to reduce 
total crop failure under monoculture (Rusinamhodzi et al. 
2012; Kermah et al. 2017). In this study however maize 
yields were similar for both sole cropping and mixed cul-
ture (Table 3). These results contradict an earlier report 
by Hassan et al. (2014) on maize yield components under 
intercropping. Generally, maize grain yield has been 
reported to be higher under legume-maize intercropping 
than sole maize (Mthembu et al. 2018). However, Alhas-
san and Egbe (2014) recorded higher maize grain yield in 
sole maize relative to intercropped maize, and in this study 
there were no differences in grain yield under monocrop-
ping and intercropping. These inconsistences can be attrib-
uted to a number of factors including the plant heights of 
the legume and maize, sequential planting dates of leg-
ume and maize, level of shadiness caused by the cereal, 
the rhizosphere dynamics of the intercropped partner, etc. 
More field experiments are needed between short stalk 
maize and legumes (less shadiness), as well as long stalk 
maize and legumes (more shadiness), in order to resolve 
the yield benefits of intercropping on the two partners.

Table 4   Symbiotic performance 
of five legume crops grown at 
Malkerns in the middle-veld of 
Eswatini in 2017/18 cropping 
season

Values (means ± SE) of dissimilar letters in a column are significantly different at *p ≤ 0.05, ns = not sig-
nificant, *** p ≤ 0.001, RU = relative ureide, N = nitrogen

Treatment Ureide concentration Nitrate concentration RU–N

µmol g−1 µmol g−1 %
Species
Bambara groundnut 6.73 ± 0.63b 20.82 ± 1.65c 55.79 ± 0.69a
Cowpea 11.34 ± 1.03a 38.77 ± 4.82b 55.08 ± 1.86a
Drybean 7.37 ± 1.01b 24.41 ± 1.72bc 52.60 ± 3.17a
Jack bean 1.63 ± 0.12c 36.68 ± 2.80b 16.46 ± 1.15c
Soybean 12.23 ± 1.34a 77.55 ± 10.22a 40.47 ± 3.02b
Cropping system (CS)
Intercropping 7.72 ± 0.73a 37.64 ± 2.36a 43.69 ± 2.67a
Monocropping 8.00 ± 0.93a 41.66 ± 6.06a 44.46 ± 2.82a
F statistics
Species (S) 37.56*** 30.01*** 60.93***
Cropping system (C) 0.20 ns 1.19 ns 0.16 ns
S x C 16.13*** 13.47*** 2.60*
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Fig. 4   Interaction effect of species x cropping system on A-C) Ure-
ide concentration, D-F) Nitrate concentration and E) RU–N of six 
legumes planted at Malkerns Research Station, Eswatini during the 

2017/18 cropping season. In each species, bars with dissimilar let-
ters are significantly different at p ≤ 0.05 and the error bars represents 
standard error (SE)
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5 � N2 fixation in five Phaseoleae legume 
species measured using the ureide assay 
vs. the 15N natural abundance technique

In this study, the ureide and 15N isotopic techniques were 
used to measure N2 fixation in the five ureide-exporting 
test legumes, and the results showed that the legumes with 
high ureide-N concentrations generally recorded low tis-
sue nitrate–N concentrations, and vice versa, albeit a few 

exceptions (Table 4). Jack bean, for example, showed low 
ureide-N concentration and high tissue nitrate–N, while cow-
pea in contrast revealed high ureide and low nitrate–N levels 
(Table 4). High nitrate concentrations in the stem and peti-
ole extracts of the test legumes in this study suggested their 
greater reliance on soil N uptake than symbiosis for their N 
nutrition (Herridge and Peoples 1990), while the recorded 
high ureide concentrations in stem extracts indicate greater 
N2 fixation (Hayat et al. 2008; Mohammed et al. 2022).
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Consistent with the 15N natural abundance data, Bam-
bara groundnut, cowpea and drybean also recorded the 
highest percent relative ureide-N abundance (55.79, 55.08 
and 52.60%, respectively), while soybean (40.47%) and 
jack bean (16.46%) revealed the lowest %RU–N in con-
formity with the %Ndfa values from 15N isotopic analysis. 
Based on the two methods, Bambara groundnut, cowpea 
and drybean derived most of their N nutrition from N2 
fixation, while jack bean and soybean obtained most of 
their N from uptake in the soil (Table 2 and 4). Hayat et al. 
(2008) showed that legume N2 fixation was positively cor-
related with shoot DM and grain yield, which is consist-
ent with the results of this study (Fig. 5C, D). However, 
high relative ureide-N abundance did not translate into in 
high grain yield in some legumes, and vice versa (Table 2 
and 4). For example, jack bean showed the lowest rela-
tive ureide-N and the highest grain yield, while cowpea 
recorded much higher relative-ureide-N but produced low 
grain yield. This can be attributed to the instantaneous 
nature of the ureide method, as it reflects N2 fixation at the 
time of the sampling, and not over the entire growth period 
of the plant (Unkovich et al. 2008). However, the positive 
correlation found between %RU–N and %Ndfa (Fig. 5E) 
has confirmed the robustness of the 15N abundance tech-
nique and the ureide assay in measuring N2 fixation in 
members of the tribe Phaseoleae (Mohammed et al. 2022).

In conclusion, the results of this study showed that 
cropping system has an effect on plant growth, symbiotic 
performance and grain yield. Legumes grown under mono-
cropping recorded higher plant growth, symbiotic perfor-
mance and grain yield when compared to those grown in 
mixed cultures. However, shoot %Ndfa was much higher 
under intercropping than monocropping due to competi-
tion by cereal and legume for soil N which generally forces 
the legume to symbiotically fix more N2. The components 
of maize yield were similar for the two cropping systems. 
The 15N natural abundance technique and ureide method 
were complementary in measuring N2 fixation in members 
of the tribe Phaseoleae.
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