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Abstract: Prolonged inoculation of soya bean (Glycine max L.) farms with exotic strains of Bradyrhizobium
species starting in the 1960s resulted in the establishment of populations of Bradyrhizobium strains in
the soils of several soya bean farms in South Africa. With the increasing number of new soya bean
genotypes in the country, it is challenging to determine which genotypes are highly compatible with a
given rhizobium strain. In this study, we investigated the symbiotic compatibility of native rhizobial
isolates and the strains from the South African Rhizobium Culture Collection (SARCC) on ten selected
locally available soya bean genotypes. A glasshouse soil trap experiment using soil samples collected
from Lothair, Bothaville, and Standerton was performed on five cultivars. The trapped rhizobial
strains were further screened in the glasshouse to authenticate their nodulation compatibility with the
different soya bean cultivars. The rhizobial strains showed significant nodulation compatibility with
the selected cultivars. These strains were also tested for beneficial traits in vitro and characterized
using DNA sequencing methods to elucidate their taxonomic identity. Some of the most nodulation-
compatible strains characterized as Bradyrhizobium and Sinorhizobium species exhibited significant
symbiotic performance in terms of plant biomass, nodule number, and nodule dry weight. The study
generated valuable data that provide information on the extent of symbiotic compatibility of some of
the existing cultivars used in South Africa with native rhizobia and whether inoculation of soya bean
with commercial products is vital on some soya bean farms.

Keywords: soya bean; nodulation; Bradyrhizobium; abiotic stress; nitrogen fixation

1. Introduction

Nitrogen (N) is one of the major limiting nutrients required for plant growth and
development, and it is a critical component of the amino acids, which build proteins. It is
also a major component of chlorophyll, making it one of the essential required elements
in photosynthesis [1]. However, plant-usable nitrogen in the form of ammonia (NH3) is
generally unavailable to plants despite the availability of nitrogen (N2) in large amounts
in the atmosphere [2–4]. The application of synthetic nitrogen fertilizers for increased
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nitrogen availability and crop production has undoubtedly resulted in a vast improvement
in crop production and yields in the past several decades. However, the prolonged usage
of chemical nitrogen fertilizers negatively impacts the environment, and in many cases, it
is expensive for smallholder farmers [5,6]. An alternative, more ecologically sustainable
and environmentally friendly way of increasing the availability of nitrogen in the soil is
through biological nitrogen fixation (BNF), a process that converts atmospheric nitrogen
(N2) into usable forms available to plants. An important group of ubiquitous soil bacteria
are the rhizobia, which can survive both as free-living bacteria in the soil and in a symbiotic
association with leguminous plants, thereby mediating the process of biological nitrogen
fixation [7]. By fixing atmospheric nitrogen symbiotically, these bacteria not only play a cru-
cial role in improving the growth and yield of several agriculturally important leguminous
crops but also improve the status of soil health.

Like most other legumes, soya bean (Glycine max L.) forms a symbiotic relationship
with rhizobia, and their symbiotic association begins when the legume starts to exude
some polyphenolic secondary metabolites, the flavonoids, resulting in a molecular dia-
logue between the legume and rhizobia [8,9]. Rhizobia immediately perceive the secreted
flavonoids, which, in turn, trigger the activation of genes that code for complex reac-
tions, ultimately resulting in the development of specialized organs on the roots called
nodules [10–12]. Inside the nodules, the rhizobia convert atmospheric nitrogen (N2) to
ammonia (NH3), the majority of which is transported to the plant. Several legumes have
been assessed in the past for their nitrogen-fixing capabilities by inoculating them with
different rhizobial strains. Soya bean, for instance, fixes the highest amount of atmospheric
nitrogen annually (300 kg N ha −1) if it is compatible with the Bradyrhizobium strain [12,13],
whereas other legumes such as common bean fix lower amounts of nitrogen [14].

Biological nitrogen fixation is a very complex and sensitive process that is affected
by several environmental factors such as temperature, humidity, soil structure, heavy
metal toxicity, seed genotypes, and salinity. For example, temperature can cause an overall
disturbance in nodulation and can disrupt the entire symbiotic process [15]. In addition,
soya bean requires favorable conditions to fix the highest amount of nitrogen, which helps
to reduce the amount of chemical fertilizers used by both commercial and subsistence
farmers. Furthermore, environmental conditions contribute significantly to shaping the
geographic distribution of indigenous rhizobia that can form nodules with legumes [16].
The type of soya bean genotype also determines the efficacy of the rhizobial strains, as the
amount of nitrogen fixed varies between species [17].

In South Africa, several cultivars of soya bean have been developed in the past decades
through a breeding process based on environmental factors and locality to increase crop
yield and to improve food security [18]. As the number of soya bean genotypes increases
over time, the different cultivars tend to show significant variation in their ability to
respond to inoculation with Bradyrhizobium japonicum [19]. This suggests that breeding
alone does not guarantee productivity in legumes unless it is accompanied by nodulation
and nitrogen fixation ability of the legume with its microsymbionts and, thus, effective
inoculation [20]. For instance, for more than two decades since its release in 1998, the
Bradyrhizobium japonicum strain WB74 (now classified as B. diazoefficiens) has been one of
the most effective and commercially available inoculant strains for the cultivation of soya
bean in South Africa. However, with the increasing number of new soya bean cultivars as
well as the introduction of imported inoculant strains in South African soils, the success
of Bradyrhizobium strain WB74 has been under threat. This happens due to competition,
nodulation incompatibility, substandard inoculant products, and other limiting factors.
In this study, we investigated the nodulation compatibility and symbiotic effectiveness
of several isolates of Bradyrhizobium strains obtained from the rhizosphere of three major
soya bean farms with selected genotypes commonly used in South Africa. In doing so, the
study aimed to screen new strains of Bradyrhizobium species that have high nodulation
compatibility and greater symbiotic effectiveness across different soya bean cultivars.
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2. Materials and Methods
2.1. Soil Sample Collection

Soil samples were collected from three major commercial soya bean growing fields:
two in Mpumalanga Province (Lothair and Standerton farms) and one in the Free State
Province (Bothaville farm) in South Africa (Table S1). A total of 30 soil samples (1 kg per
sample) were collected from the top 12 to 15 cm of the rhizosphere at different sites in the
three selected commercial farms. The soils were saved in sterile plastic bags, transferred
into cooler boxes, and transported to the BNF laboratory in Pretoria, South Africa.

2.2. Soil Trap Experiment for Isolation of Native Rhizobia

Soil trap experiments were conducted following the protocols described in [21,22]. A
total of 30 soil samples collected from each of the three farms were used for the glasshouse
soil trap experiment. Seeds of five soya bean cultivars (PANNAR-1479R, PANNAR-1644R,
PANNAR-1532R, PANNAR-1521R, and PANNAR-1555R) were first surface-sterilized by
immersing them in 70% alcohol for 30 s followed by 1% sodium hypochlorite for 60 s, then
rinsing, six times with sterile distilled water. The surface-sterilized seeds were placed on
0.75% water agar, sealed with parafilm, and incubated for 2 to 3 days at 28 ◦C in the dark
before planting. Pre-germinated seeds were transferred into pots half filled with sterile
river sand, with a thin layer of various soil samples collected from the different sites placed
on top of the river sand. The plants were kept at a temperature of 28 ◦C during the day and
18 ◦C during the night for up to six weeks and were regularly watered using nitrogen-free
Hoagland’s solution. After six weeks, the plants were gently removed from the pots, and
the roots were washed with tap water to remove the adhering soil. All the nodules from
each treatment were collected and stored in 50% glycerol. About three to five nodules
per plant were then randomly selected, pooled, and surface-sterilized with 70% ethanol
for 30 s and 1% sodium hypochlorite for 4 min. The nodules were then rinsed in sterile
distilled water five to six times to reduce the residual effect of the bleach. The pooled
nodules from the same plant were placed in a 1.5 mL microcentrifuge tube containing
100 µL sterile water and crushed using a sterile glass rod until slurry formed. A loopful of
the slurry was streaked in duplicate on Yeast Mannitol Agar (YMA) supplemented with
Congo red and was incubated at 28 ◦C for 3–8 days. Single pure colonies with creamy
or white morphologies that are characteristic of rhizobial strains on YMA plates were
randomly picked from each plate and preserved in 20% glycerol at ultra-low temperature
until further use.

2.3. Nodulation Authentication Test

The glasshouse nodulation and nitrogen-fixation authentication tests were conducted
using Koch’s postulate as described in [22] using the nodule-trapped isolates as well as
isolates from the South African Rhizobium Culture Collection (SARCC). Based on their
colony morphology as well as strain identity following the 16S rRNA sequencing, a total
of 26 rhizobial isolates were selected and used in the nodulation authentication test in the
glasshouse. The rhizobia isolates were used to inoculate ten different soya bean cultivars:
PANNAR-1479R, PANNAR-1521R, PANNAR-1532R, PANNAR-1555R, PANNAR-1644R,
P64T39R, PANNAR-1588R, LS6851R, NS6448R, and PANNAR-1692R. Each rhizobium was
grown on Yeast Mannitol Broth (YMB) at 28 ◦C for 3–7 days until optimal growth was
observed. The fully grown broth culture was centrifuged at 5000× g for 10 min using
Avanti® J-E series centrifuge (Beckman Coulter, Indianapolis, IN, USA). After discarding
the supernatant, the pellets were resuspended with 50 mL 0.85% saline solution. The
concentration of suspension was adjusted to 108 cfu mL−1 using a T60 spectrophotometer
(OD 600 = 1.5–2.0). Thereafter, 2 mL of the inoculant suspension was applied per seed
planted in a 1.5 L capacity pot filled with sterile river sand.
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2.4. Experimental Layout and Statistical Analysis

A total of 27 rhizobial isolates were each inoculated on 10 different soya bean cultivars.
The experiment was arranged in a Randomized Complete Block Design (RCBD) with
three replications. The plants were monitored for six weeks with regular watering using
nitrogen-free Hoagland’s solution. The symbiotic performance and nodulation compati-
bility between the cultivars and the different rhizobia strains was evaluated based on the
parameters of nodule number, nodule dry weight, total fresh weight, and total dry weight.
The data for all the parameters were subjected to analysis of variance (ANOVA) using the
general linear model’s procedure (PROC GLM) in SAS version 9.4 statistical software [23].
Means with significant effects were distinguished using Fisher’s protected least significant
difference (LSD) at α = 0.05.

2.5. Evaluation of Rhizobia for Tolerance to Various Abiotic Stresses

The bacterial strains were evaluated for their tolerance to various abiotic stresses. For
sensitivity to different pH levels, their growth condition was evaluated at pH = 4, 7, and 9
following the procedure described in [24]. The tolerance of the rhizobia to pH was evaluated
after incubating the plates at 28 ◦C for 5 to 7 days and measuring the growth qualitatively
as no growth (−) or growth (+, ++, +++). For detection of tolerance to metal toxicity, the
isolates were streaked on modified Keyser’s defined media. For temperature sensitivity,
pure colonies of each bacterium were streaked on YMA medium containing Congo red
and incubated at different temperatures of 15 ◦C, 28 ◦C, 37 ◦C, and 45 ◦C for 3–5 days and
observed for optimal growth and temperature tolerance. For tolerance to salinity, bacterial
strains were streaked on YMA medium containing different concentrations sodium chloride
(NaCl) (0.5%, 1%, 1.5%) w/v and were observed for growth after 5–7 days incubation at
28 ◦C.

2.6. Molecular Characterization of Rhizobia
2.6.1. PCR Amplification of 16S, Housekeeping, and Symbiotic Genes

Bacterial strains were grown on Tryptone Yeast (TY) broth for 24–48 h. DNA was
extracted using a Zymo research DNA extraction kit following the manufacturer’s protocol
(Promega/Zymo, brand). The purity of the extracted DNA was verified by measuring the
ratio of the absorbance at 260 nm and 280 nm as per the manufacturer’s manual (Thermo
Scientific, Wilmington, DE, USA), and the concentration was adjusted by reading the OD260
using an ND-1000 Spectrophotometer (Thermo Fisher Scientific, USA) [25]. The 16S rRNA
gene; the housekeeping genes atpD, gyrB, rpoB, gInII, dnaK, and recA; and the nitrogen-
fixation genes nifH and nifD were amplified using specific primers for each gene described.
The amplified PCR products were stained with 0.5 µg/mL ethidium bromide and subjected
to 0.9% agarose gel electrophoresis. The reaction conditions and the respective primers for
each PCR reaction [26–33] are indicated in Table 1. For reasons of possible primer mismatch
and other unforeseen circumstances, we were unable to amplify the nodulation genes nodC
and nodA. For all the other amplified genes, the PCR products were cleaned up using a
QIAquick gel extraction kit (QIAGEN, Sandton, South Africa) and sequenced using the
original PCR primers and an ABI Prism BigDye Terminator v3.0 Cycle Sequencing Kit on
an ABI 3100 automated capillary DNA Sequencer (Applied Biosystems, Waltham, MA,
USA) at Inqaba Biotech Pty Ltd., Pretoria, South Africa.
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Table 1. Primers and the reaction conditions used in the amplification of each target gene.

Target Gene Forward Primer
Reverse Primer PCR Reaction Condition Reference

16S rRNA 27f-ADAGTTGATCCTGGCTCAG
1492r-GGTTACCTTGTTACGACTT

94 ◦C for 2 min, 94 ◦C for 1 min, 55 ◦C for
1 min, 72 ◦C for 1 min (30 cycles) [26]

NifD TsnifDF1; CCGVGGAGGTSCTSAAGGTCTATCC
Nifp12; CCGAAGAAGTTGTACCTCGCACCA

94 ◦C for 90 s, 94 ◦C for 45 s, 53 ◦C for 30 s,
72 ◦C (35 cycles) [27]

NifH GCIWTITAYGGNAARGGNGG
GCRTAIABNGCCATCATYTC

95 ◦C for 3 min, 94 ◦C for 1 min, 55 ◦C for
1 min, 72 ◦C, (35 cycles) [28]

recA 41F-TTCGGCAAGGGMTCGRTSATG
640r-ACATSACRCCGATCTTCATGC

94 ◦C for 4 min, 96 ◦C for 30 s, 57 ◦C for
30 s, 72 ◦C for 90 s (35 cycles) [29]

gInII TSgInIIf; AAGCTCGAGTACATCTGGCTCGACGG
TSgInIIr; SGAGCCGTTCCAGTCGGTGTCG

94 ◦C for 2 min, 94 ◦C for 45 s, 53 ◦C for
30 s, 72 ◦C for 90 s (35 cycles). [30]

atpD TSatpDf; TCTGGTCCGYGGCCAGGAAG
TSatpDr; CGACACTTCCARCCSGCCTG

95 ◦C for 3 min, 94 ◦C for 1 min, 62 ◦C for
1 min, 72 ◦C for 1 min (35 cycles) [30]

gyrB AMgyrBf; GCATGTATATCGGCGACAC
AMgyrBr; GTGAAGCACAGYACGTTCTC

94 ◦C for 2 min, 94 ◦C for 1 min, 54 ◦C for
1 min, 72 ◦C for 1 min (35 cycles) [31]

dnaK TSdnaK4; GGCAAGGAGCCGCAYAAG
TSdnak2; GTACATGGCCTCGCCGAGCTTCA

95 ◦C for 2 min, 95 ◦C for 45 s, 60 ◦C for
30 s, 72 ◦C for 1.5 min (35 cycles) [32]

rpoB Rpob-456f: ATCGTYTCGCAGATGCACCG
rpoB-1364r: TCGATGTCGTCGATYTCGCC

94 ◦C for 2 min, 94 ◦C for 30 s, 59 ◦C for
30 s, 72 ◦C for 2 min (35 cycles) [33]

2.6.2. Phylogenetic Analysis

The sequences obtained from Inqaba Biotech were edited for base calling using the
programs Chromaslite version 2.6.6 and Bioedit version 7.2, after which consensus se-
quences were created. The sequences were compared to the closely related nucleotide
sequence deposited in the National Centre for Biotechnology Information (NCBI) using
the Blastn program. Multiple sequence alignment and phylogenetic tree constructions
were performed in MEGA 11 version 2.1 [33]. Maximum-Likelihood (ML) phylogenetic
trees were used to construct the 16S rRNA, nifD, and nifH genes respectively. A Neighbor
Joining MLST tree was constructed from the aligned concatenated nucleotide sequences
of the housekeeping genes (atpD, gyrB, rpoB, recA, dnaK, and gInII) using the Tamura–Nei
statistical model with a bootstrap value of 1000 replications, of which only bootstrap values
>50% are displayed on the phylogenetic tree [34].

3. Results
3.1. Rhizobial Isolation and Soil Trap Experiment

Table 2 indicates the prominent rhizobial strains isolated from the nodules in the
soil trapping experiment and the BLAST nucleotide similarity search for the 16S rRNA
sequences of all the trapped isolates. The isolates obtained from the SARCC collection are
also included in the list. In total, 130 rhizobial isolates were trapped in the root nodules of
the different soya bean cultivars from all the three soya bean farms. PANNAR-1644R is
the most compatible soya bean cultivar, as it trapped a greater number of rhizobial isolates
inside its nodules (30.76). Other cultivars trapped a smaller number of rhizobia, including
the cultivars PANNAR-1555R (8.46%), PANNAR-1479R (6.15%), PANNAR-1644 (30.76%),
PANNAR-1532R 26.9%), and PANNAR-1521R (27.69%). However, PANNAR-1479R was
the least nodulation-compatible cultivar as it was unable to trap any rhizobia from the soils
collected at the Bothaville soya bean farm. The nodules formed by most of the soya bean
cultivars from Lothair and Standerton soils were pink with round to oval shapes (Figure 1).
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Table 2. List of rhizobia strains used in the nodulation authentication tests, as well as other endophytic
isolates obtained from the nodules in the trapping experiment.

Isolates Codes SARCC-Accession NCBI Blast Search Similarity %Identity

B-4B3063c SARCC-3486 Bradyrhizobium leucaenae 99.01
L-9B2551a SARCC-3541 Bradyrhizobium sp. 92.30
S-4B2733c SARCC-3542 Bradyrhizobium japonicum 92.25
S-4B2783b SARCC-3408 Bradyrhizobium sp. 91.97
B-1B3041c SARCC-3407 Bradyrhizobium sp. 91.85
B-2B3151b SARCC-3414 Bradyrhizobium sp. 91.02
L-2B2483c SARCC-3409 Rhizobium alamii 99.25
S-2B2792a SARCC-3412 Paraburkholderia sp. 98.00
B-2B3132b SARCC-3417 Bradyrhizobium sp. 91.68
L-1B2411b SARCC-3490 Bradyrhizobium sp. 91.20
B-4B3093a SARCC-3416 Rhizobium pusense 98.96
L-4B253b SARCC-3413 Bradyrhizobium sp. 99.63
S-9B283b SARCC-3540 Bradyrhizobium sp. 99.15
S-4B2691a SARCC-3467 Rhizobium leguminosarum 98.80
L-4B2392a SARCC-3456 Bradyrhizobium sp. 92.20
B-2B3153b SARCC-3410 Bradyrhizobium sp. 91.66
B-5B3041c SARCC-3418 Bradyrhizobium sp. 91.20
S-A45.2dsc SARCC-1030 Bradyrhizobium sp. 99.34
S-2B2882c SARCC-3415 Bradyrhizobium japonicum 98.97
WBK1 * SARCC-365 Rhizobium alanii 99.31
WB96 * SARCC-361 Sinorhizobium fredii 91.36
B4:1d * SARCC-2374 Bradyrhizobium sp. 97.23
WB69 * SARCC-337 Bradyrhizobium sp. 92.82
WB87 * SARCC-353 Bradyrhizobium sp. 97.73

S4B2751c * SARCC-3507 Rhizobium sp. 99.92
WB74 * SARCC-340 Bradyrhizobium diazoefficiens 99.78

* Isolates obtained from the SARCC and not isolated in this study.
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Figure 1. Representative peculiar large pink nodules formed on the crown region of the soya bean 
plants in the soil trap experiment. (A) Nodules trapped by the soya bean cultivar PANNAR-1521 
Figure 1. Representative peculiar large pink nodules formed on the crown region of the soya bean
plants in the soil trap experiment. (A) Nodules trapped by the soya bean cultivar PANNAR-1521 after
inoculation with soils from the Lothair farm. (B) Nodules trapped by the cultivar PANNAR-1644R
after inoculation with soils from the Standerton farm.
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3.2. Nodulation Authentication Experiment
3.2.1. Nodulation Compatibility of Isolates from Nodule Trapping

After 8 weeks of monitoring in the glasshouse, the plants were harvested to eval-
uate the nodulation compatibility of each cultivar with the different rhizobial strains.
The ten soya bean cultivars used in this study displayed different responses in terms
of nodulation by the different rhizobia strains with measurable statistical differences
(p < 0.001). The soya bean cultivars PANNAR-1644R, LS6851R, and PANNAR-1692R
are the three most nodulation-compatible cultivars when inoculated with different strains
of Bradyrhizobium (Table S3). The soya bean cultivars PANNAR-1555R, PANNAR-1644R,
and PANNAR-1692R, on the other hand, displayed a significant improvement in symbiotic
effectiveness when inoculated with the nodule-trapped isolate B1B3041a, which was identi-
fied as Bradyrhizobium sp. These soya bean cultivars could therefore be recommended as
high-yielding varieties even when inoculated with different strains of elite Bradyrhizobium
species due to the statistically highly significant differences (p < 0.001) they exhibit com-
pared to other soya bean cultivars. Of all the soya bean cultivars, NS64484 was the least
compatible with most of the rhizobial strains from both the nodule trapping isolation and
the SARCC deposit (Table S4).

Regarding the rhizobial strains, most of the isolates characterized as Bradyrhizobium
spp. Were able to induce nodules on the different soya bean cultivars, although their
symbiotic performance varied across the different soya bean cultivars. Bradyrhizobium sp.
L4B253b isolated from Lothair soils had the highest nodule number by a highly significant
margin compared to other strains (p < 0.001). The isolates identified as Rhizobium spp., such
as S4B2691a, B4B3093a, and B4B3063c, formed fewer active nodules (Table 3). Interestingly,
Paraburkholderia sp. L2B2792a was isolated in the nodule trapping experiment in this
study and was used for the nodulation authentication test of Koch’s postulate. The results
showed that a high number of symbiotically inactive nodules were recorded for this strain
on most cultivars. Ironically, other species within the rhizobial complex identified in the
nodule trapping experiment, including Rhizobium and Sinorhizobium spp., were able to
form effective pink nodules in some of the cultivars. For example, the Rhizobium strain
L2B2483c isolated from Lothair was recordedas having a better nodule count (p < 0.001)
when inoculated on 10 soya bean genotypes (Table 3).

The strains isolated from the Lothair soils showed that the Rhizobium alamii strain
L2B2483c was recorded as having the highest nodule number (78.00) with genotype
PANNAR-1644R, followed by Bradyrhizobium sp. L4B253b (74.00) with genotype LS6851R.
Bradyrhizobium sp. S4B2733c and L9B2551a resulted in the highest nodule dry weight
with the genotype PANNAR-1644R, which was significantly higher than the other strains
(p < 0.001) (Table S4). Both the S4B2783b and S4B2751c strains inoculated on the genotypes
PANNAR-1644R and PANNAR-1692R were not significantly different in terms of nodule
dry weight (Table S8). The soya bean cultivar LS6851R inoculated with B2B3153b and
S4B2783b resulted in nodule dry weights that were not significantly different from each
other (Table S5). In addition, the Bradyrhizobium strain B5B3041c inoculated on PANNAR-
1479R and PANNAR-1588R showed no statistically significant result in its symbiotic perfor-
mance. The cultivar NS6448R produced no nodules when inoculated with the rhizobium
strain B5B3041c (Table S5). The means for the cultivar-by-strain interaction showed that the
rhizobial strain B1B3041a, isolated from the soil of the Bothaville farm, was significantly
different from all the other strains when inoculated on the PANNAR-1555R genotype in
terms of nodule dry weight (p < 0.001) (Table 4). According to Pearson’s correlation analysis,
there is a strong correlation between total dry weight and total fresh weight as well as
between nodule dry weight and nodule number (Table S7).
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Table 3. Effect of inoculation of rhizobial strains isolated from the nodules in the soil trap experiment
using soils from three soya bean farms on plant biomass and nodulation efficiency.

Isolates from the
Soil

Soya Bean Farm
Location

Total Fresh Weight
(g)

Total Dry Weight
(g) Nodule Number Nodule Dry

Weight (g)

B-1B3041c Bothaville 13.41 a 1.897 ab 28.80 bcd 0.085 bcde

S-2B2792a Standerton 13.39 a 1.945 a 29.37 bcd 0.090 abc

S-4B2783b Standerton 13.05 ab 1.863 abc 32.52 ab 0.094 ab

S-4B2733c Standerton 12.79 ab 1.743 bcdefg 31.53 abc 0.098 a

L-4B253b Lothair 12.07 bc 1.844 bcd 37.63 a 0.092 ab

L-2B2483c Lothair 12.07 bc 1.744 bcde 27.60 bcde 0.072 bcde

B-2B3151b Bothaville 11.77 bcd 1.744 bcde 31.80 abc 0.087 abcd

B-2B3153b Bothaville 11.61 bcde 1.616 abcdefg 26.72 def 0.075 cde

B-5B3041c Bothaville 11.44 cdef 1.463 defgh 26.80 bcde 0.091 bcde

L-4B2392a Lothair 11.28 cdef 1.583 bcdefgh 25.33 f 0.071 e

L-9B2551a Lothair 11.22 cdef 1.765 abcde 28.07 bcde 0.090 abc

B-2B3132b Bothaville 11.17 cdef 1.546 cdefg 26.67 bcde 0.072 de

S-9B283b Standerton 11.05 cdefg 1.569 bcefgh 25.87 bcde 0.080 abcde

S-4B2691a Standerton 10.21 efg 1.517 defg 16.23 fg 0.044 fgh

B-4B3063c Bothaville 10.16 fg 1.463 efgh 9.47 g 0.033 fgh

L-1B2411b Lothair 10.15 fg 1.282 gh 20.97 ef 0.055 efg

B-4B3093a Bothaville 9.22 gh 1.346 hi 9.95 g 0.020 hi

S-4B2751c Standerton 10.68 defg 1.492 efgh 25.47 bcde 0.073 bcde

S-4B2882c Standerton 11.68 bcde 1.696 abcde 25.87 bcde 0.071 bcde

Control NA 7.81 h 1.179 i 0.000 h 0.000 i

LSD 2.209 0.33 7345 0.023
CV 40.5 41.4 60.1 70.7

p value <0.001 <0.001 <0.001 <0.001

Means in the same column with the same letter are not significantly different.

Table 4. Soybean cultivar × rhizobia interaction effect on nodulation compatibility and symbiotic
performance.

Cultivar × Rhizobia Total Fresh
Weight (g)

Total Dry
Weight (g)

Nodule
Number Nodule Dry Weight (g)

PAN1555R × B1B3041c 21.09 ± 4.221 a 2.947 ± 0.205 a 51.00 ± 22.63 c–l 0.170 ± 0.028 a–e

PAN1692R × B2B3151b 19.26 ± 1.296 a–c 2.563 ± 0.106 a–i 62.67 ± 13.05 a–c 0.160 ± 0.052 a–i

PAN1644R × S4B2783b 19.17 ± 4.816 a–d 2.303 ± 0.637 a–s 53.00 ± 17.44 b–i 0.176 ± 0.040 a–e

LS6851R × B2B3153b 12.18 ± 10.727 e–H 1.910 ± 0.070 a–G 55.50 ± 33.23 b–f 0.170 ± 0.098 a–d

PAN1644R × L2B2483c 18.03 ± 5.524 a–f 2.707 ± 0.189 a–d 78.00 ± 36.00 a 0.183 ± 0.061 a–c

PAN1644R × B5B3041c 17.96 ± 4.882 a–g 2.423 ± 0.767 a–m 31.00 ± 14.73 j–T 0.133 ± 0.095 a–n

LS6851R × L1B2411b 5.74 ± 9.948 F–Q 2.600 ± 0.00 a–h 50.00 ± 0.00 c–m 0.073 ± 0.127 j–G

PAN1692R × S4B2751c 17.14 ± 2.527 a–j 2.240 ± 0.648 a–t 53.67 ± 20.51 b–f 0.176 ± 0.073 a–e

PAN1644R × S4B2733c 16.59 ± 3.856 a–o 2.127 ± 0.285 a–z 45.67 ± 14.47 c–v 0.193 ± 0.025 a

PAN1644R × L9B2551a 16.58 ± 3.340 a–o 2.237 ± 0.453 a–u 49.67 ± 10.41 c–n 0.193 ± 0.020 a

LS6851R × S4B2783b 15.18 ± 5.909 a–t 2.227 ± 0.407 a–v 56.00 ± 6.93 a–d 0.17 ± 0.020 a–e

PAN1479R × L4B253b 14.78 ± 0.717 a–u 2.347 ± 0.155 a–q 56.33 ± 10.26 a–d 0.107 ± 0.089 c–u

PAN1555R × S4B2733c 14.45 ± 5.601 a–x 1.910 ± 0.685 a–G 53.33 ± 12.22 b–h 0.156 ± 0.032 a–h

LS6851R × L4B253b 11.96 ± 6.025 e–J 1.890 ± 0.528 a–J 74.00 ± 6.24 ab 0.190 ± 0.045 ab

LSD 6.86 1.068 23.22 0.07
CV 40.5 41.4 60.1 70.7

p Value <0.001 <0.001 <0.001 <0.001

Means in the same column with the same letter are not significantly different.

3.2.2. Nodulation Compatibility of the Isolates from the SARCC

The Bradyrhizobium diazoefficiens strain WB74, which is already on the market as a
commercial inoculant strain, formed nodules with all the soya bean cultivars used in this
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trial, with the average number of nodules varying from 7.50–30.33 across the different soya
bean cultivars (Table S2). The Bradyrhizobium strain WB74 performed best with PANNAR-
1692R and PANNAR-1532R, with pink nodules on the crown region of the roots. The
ANOVA results show that the highest nodule number was recorded for PANNAR-1521R
with strain B4:1d (34.3) and for PANNAR-1692R (32.67) (Table S6). When the soya bean
cultivars PANNAR-1588R and PANNAR-1692R were inoculated with the Bradyrhizobium
strain WB69, no significant difference was observed in terms of nodule number. Likewise,
inoculation with the Bradyrhizobium strain WBK1 on soya bean cultivar PANNAR-1555R
did not result in a significant difference in nodule number or total dry weight compared
to the other cultivars. Bradyrhizobium diazoefficiens WB74 recorded the highest nodule dry
weight with the cultivar PANNAR-1692R but was not significantly different from the strain
B4:1d inoculated on PANNAR-1644R (p < 0.001) (Table S6). Sinorhizobium strain WB96
inoculated on PANNAR-1555R and NS6448R were not significantly different from the
uninoculated controls, as no nodules were observed in any of them (Table S6).

3.3. Tolerance to Abiotic Stress

While all the strains were able to grow optimally at 28 ◦C, the strain SA45-2dsc was
able to grow at a temperature as high as 37–45 ◦C, whereas the rest of the bacterial strains
did not tolerate these high temperatures. Regarding salinity, the rhizobial strains L2B2483c,
S2B2792a, B4B3093a, and B4B3063c maintained the same level of optimal growth at high
salt concentrations, compared to isolates belonging to Bradyrhizobium spp., which were
found to be susceptible to high levels of salinity (Table S9). The strains L1B2411b, WB69,
B2B3153b, B2B3151b, S4B2691a, L4B253b, WB74, WB87, and B1B3041c did not grow at all
the different levels of salinity employed in this study. SA45.2dsc does not tolerate high
salinity, although it can tolerate high temperatures. With respect to sensitivity to pH levels,
all 26 isolates were able to grow at the optimum pH of 7.0, but most of the Bradyrhizobium
strains showed reduced growth at lower pH (pH = 4). The isolates B1B3041c, SA45.2dsc,
WB87, S2B2792a, B5B3041c, L9B2551a, and L12411b were able to grow at pH = 4. In contrast,
many of the isolates were able to grow at highly alkaline pH, excluding the isolates L42392a,
L4B253b, B4:1d, which were highly susceptible at pH =10 and 12 and thus could not grow
(Table S9).

3.4. Phylogeny and Taxonomy of Rhizobial Isolates

The dominant group of rhizobia trapped by the soya bean cultivars in all three loca-
tions mainly belonged to Bradyrhizobium species. Some of the nodule isolates were also
characterized as members of the genera Rhizobium, Paraburkholderia, and Sinorhizobium as
confirmed by sequence analysis of the 16S rRNA and the recA genes (Figures 2 and S1).
Standerton soils contained the most dominant species of Bradyrhizobium strains, in which
the previously used Bradyrhizobium japonicum (WB1) inoculant strains were found dur-
ing the Blastn search. Soils from the Lothair farm are also dominated by Bradyrhizobium
strains, even though the last inoculation with Rhizobium on this farm was eight years ago.
Meanwhile, Bothaville had the fewest rhizobial strains compared to Standerton and Lothair.
Using sequence analysis of the 16S rRNA and recA genes of the nodule isolates, more than
80% of the isolates belonged to Bradyrhizobium spp. indicating the establishment of a large
Bradyrhizobium japonicum population in soils on these soya bean farms. A smaller propor-
tion of the isolated strains from the soya bean root nodules were identified as Rhizobium,
Sinorhizobium, and Paraburkholderia spp.
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A multilocus sequence analysis (MLSA) tree was constructed with the nucleotide
sequences of the isolates for which all selected housekeeping genes could be amplified.
Six housekeeping genes (atpD, gInII, gyrB, rpoB, recA, and dnaK) were successfully am-
plified and sequenced for 15 strains. The MLSA tree, which was constructed with the
15 strains from this study and 11 reference-type strains of Bradyrhizobium spp., sepa-
rated the isolates into four subgroups in both the single and multigene phylogenetic
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tree (Figures 3 and S1–S6). Some other strains not included in the MLSA phylogeny were
not compatible with the primer pairs used or amplification conditions. MLSA further
showed that B. ottawaense was closest to S9B283b, with a similarity of 100% in gInII and
dnaK, respectively (Figures S3 and S4), and 99% in gyrB and rpoB (Figures S2 and S5),
forming a unique clade or grouping. The Bradyrhizobium strain WB74 obtained from the
SARCC aligned with Bradyrhizobium diazoefficiens, forming a new clade with the iii B1B3041c,
S4B2783b, and WB87 strains that was observed in all the phylogenetic trees constructed
(Figures S1–S6). The strain S4B2783b was incongruent, clustering with Bradyrhizobium
japonicum based on 16S rRNA, while on the concatenated tree it clustered with Bradyrhi-
zobium diazoefficiens with bootstrap support values ranging from 60–100% for five genes,
excluding recA (Figures 3 and S2–S6). We detected no single B. elkanii strain that had all six
housekeeping genes despite being the second most dominant species in this study. Strains
WB69, S4B2733c, L9B2551a, and B2B3132b formed clade 1 with the B. huanghuaihaiense ref-
erence type strain, whereas SA45.2dsc occupied different positions on the six phylogenies
(Figures S1–S6). The four clades generated in each tree showed bootstrap values of more
than 60%. The phylogeny generated using MLSA was the same as the tree generated for
each gene selected for amplification with minor exceptions. For example, there were some
similar lineages formed with all the single genes.
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3.5. Phylogenetic Analysis of nifH and nifD Genes

The NifH and NifD genes were amplified for 16 and 19 rhizobial strains, respectively,
and were analyzed and compared with reference type strains. Two main branches were
observed on the phylogenetic tree, one clustering with B. japonicum and another one
clustering with B. elkanii with a bootstrap value of 100% (Figures 4 and 5). The isolates
that clustered with B. elkanii were two isolates from the soils of the Lothair farm (L2B2392a
and L4B253b) and one obtained from the SARCC (B4:1d). The amplified strains resulted in
two clades that were represented in the nifH genealogy, with the SA45.2dsc strain in the
NifD phylogenetic tree grouping with different isolates of the reference type strain. About
13 strains from SARCC and isolated strains were clustered with B. japonicum, B. lupini, B.
liaoningense, B. diazoefficiens, and B. huanghuaihaiense in the nifH phylogenetic tree (Figure 4).
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4. Discussion

It was found out in this study that all the soya bean genotypes used were able to
trap rhizobia from the soybean-growing soils of Lothair and Standerton, whereas these
genotypes performed differently in Bothaville. Not all the soya bean genotypes used
in this study were able to trap rhizobia from the soil. Genotypes such as PANNAR-
1644R showed a positive impact by forming nodules, which showed that they could be
used even without inoculation, similar to the promiscuous TGx genotype designed to
form nodules with indigenous rhizobia [35]. This was observed, for instance, with the
genotype PANNAR-1479R, which formed not even a single nodule from the soil collected
in Bothaville. Meanwhile, in Standerton, the Bradyrhizobium sp. strain S9B283b was trapped
using this soya bean genotype. As the soil in Bothaville is sandy, it is suspected that it
might also have a negative effect on the seeds or no bacterial strains were compatible with
the genotype. The inability to induce nodules confirms that other cultivars cannot be used
without inoculation [36].

Most of the rhizobia detected in the native soils of the three soya bean farms belong
to B. japonicum and B. elkanii. Standerton soils contained many strains of Bradyrhizobium
having high genetic similarity with Bradyrhizobium japonicum with Bradyrhizobium WB1
strain previously used as an inoculant for soya bean in South Africa [37]. The soya bean
farm in Lothair showed the persistence of rhizobial populations in the soil for up to eight
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years since the last inoculation and the established Bradyrhizobium population had a positive
impact on the native diversity [38]. The 16S rRNA sequencing revealed the presence of
a large proportion of Bradyrhizobium strains closely related to B. japonicum and B. elkanii
strains WB74 and WB1, respectively, both of which were used as the active ingredients
in commercial inoculant products for decades. Information gathered from the farmers
during soil sampling revealed that soya bean planting in Bothaville and Standerton always
involves inoculation with rhizobial products and a crop rotation of sorghum, maize, and
soya bean.

Most of the Bradyrhizobium strains examined in this study were able to induce nodules
with different soya bean cultivars with significant differences in terms of nodulation
between the strains. The Bradyrhizobium diazoefficiens strain WB74 obtained from the
SARCC was found to form effective nodules in all the genotypes, thus meeting the nitrogen
requirement of soya bean plants in South Africa. In another study conducted by [39], it
was found that Bradyrhizobium strain WB74 was able to improve plant growth and yield as
compared to the uninoculated control, thus enhancing plant nutrient uptake by the soya
bean plant. A surprising finding in this study was that the L2B2483c strain, classified as
Rhizobium, had significant nodulation compatibility (p < 0.001) with the soya bean genotype
PANNAR-1644R. Despite this, many of the fast-growing rhizobial strains occurring on
soya bean farms identified in this study were largely incompatible, with poor nodulation
on many of the cultivars used. This contradicts with the study conducted by [40–42] who
reported that strains belonging to Rhizobium species can also efficiently nodulate soya bean
and are high nitrogen fixers. The strain L2B2792a, which was identified as Paraburkholderia
sp. based on the 16S rRNA gene sequencing, was also isolated from the nodules. This strain
was tolerant to various abiotic stresses and could have growth-promoting traits. However,
in Koch’s postulate nodulation assay we conducted, it formed inactive nodules with soya
bean. Many other studies reported the isolation of Paraburkholderia strains from the nodules
of several other legumes [26,43].

Based on the 16S rRNA phylogenetic analysis most of the Bradyrhizobium strains char-
acterized in this study clustered together (Figure 1) which shows that 16S rRNA alone
provides insufficient information in differentiating the species [44,45]. The MLSA tree
based on the housekeeping gene shows robust support in the delineation of Bradyrhizo-
bium species in which they form separate clusters, unlike the 16S rRNA tree. Isolates
from Bothaville and Lothair had 100% MLSA sequence similarity with B. hanghuaihaiense
previously isolated from China (Figure 2). B. diazoefficiens strain WB74 from the SARCC
and two nodulation-compatible isolates, S4B2783b and B1B3041c, isolated from the soya
bean farms of Standerton and Bothaville, respectively, were grouped under the same clade
with Bradyrhizobium diazoefficiens SEMIA 5080 (Figure 3). These strains exhibited significant
nodulation and nitrogen-fixation compatibility with many of the soybean genotypes used
in this study. B. hanghuaihaiense nodulates soybean and Vigna unguiculata with symbiotic
genes that is identical to B. japonicum, B. liaoningense, and B. danqingense, which originated
from China [46,47]. One of the possible explanations is that symbiotic genes might have
passed from introduced inoculant strains that persisted in the soil to the native rhizobia
through horizontal gene transfer [48–50]. Likewise, according to MLSA phylogeny, the
isolated strains are closely related to B. diazoefficiens and B. hanghuaihaiense showing a
distinct delineation grouping on the concatenated tree and Bradyrhizobium lupini forming a
sister group to WB69, B2B3132b, and L9B2551a. This indicates that soya bean genotypes can
be nodulated by various Bradyrhizobium strains but have the least preference for Rhizobium
strains B4B3063c, S4B2691a, and B4B3093a, with the formation of a very small number of
nodules ranging from 9.95 to 16.78 (Table S2).

A phylogenetic tree constructed for nifH and nifD using Maximum-likehood (ML)
in this study shows an interesting evolutionary relationship between the nifH and nifD
phylogenies (Figure 4). Based on the nifH gene phylogeny, 16 isolates showed similarity
forming a monophyletic clade with Bradyrhizobium japonicum and Bradyrhizobium diazoeffi-
ciens type strains. Three strains formed a separate clade by grouping with Bradyrhizobium
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elkanii type strains in the nifH gene. There is some congruency between the nifH and
nifD gene phylogenies of the rhizobia isolates for which both the genes were amplified.
The three isolates (B4:1d, L2B2392a, L4B253b) that formed a monophyletic branch with
the nifH of Bradyrhizobium elkanii also formed a separate nifD branch of their own with a
100% bootstrap support. This agrees with a study conducted by [51]. It is thus assumed
that the strains in this study might have shared the genes with indigenous Bradyrhizobium
strains containing different genetic information [52]. Further investigation is still needed to
check if the strains have harbored symbiotic genes from the inoculant introduced in the
planting field by using BOX-PCR. Since the results of the current study are solely based
on gnotobiotic glasshouse studies, it is crucial to investigate their symbiotic performance
in the field to check if they show the observed nodulation compatibility and symbiotic
performance by competing with the native rhizobia strains in the soya bean fields.

5. Conclusions

It is indicated in this study that the soils of commercial soya bean farms in South
Africa possess a high diversity of Bradyrhizobium strains capable of nodulating soya bean.
The nodulation compatibility and symbiotic performance of the rhizobia strains varied
with different soya bean cultivars. One of the key findings in this study is the nodulation
compatibility exhibited by the soya bean cultivar PANNAR-1644R, which trapped different
strains of Bradyrhizobium, with the effective formation of pink nodules. In addition, the
cultivars PANNAR-1521R and PANNAR-1692R were found to form many nodules with
specific strains of rhizobia. These findings are promising news in the development of elite
and effective inoculant strains of rhizobia for use in the commercial cultivation of soya
bean in South Africa. In this study, in addition to Bradyrhizobium spp. that nodulated
soybean, strains belonging to the genera Sinorhizobium and Rhizobium were also confirmed
to modulate this legume. However, these rhizobia did not show significant nodulation
compatibility compared to the Bradyrhizobium strains. Further field screening is required
to assess the nodulation competitiveness of the elite rhizobia strains in an environment
dominated by indigenous rhizobia and other rhizosphere microorganisms. Likewise, the
selection of soya bean cultivars should be considered based on their nodulation compati-
bility under field conditions, since different genotypes of the legumes perform differently
under actual field conditions.
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