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Abstract: Soil amendment with beneficial microorganisms is gaining popularity among farmers to 
alleviate the decline of soil fertility and to increase food production and maintain environmental quality. 
However, farm management greatly influence soil microbial abundance and function, which overly 
affects crop growth and development. In this work, greenhouse experiments involving soybeans were 
conducted to evaluate the effects of bradyrhizobia and arbuscular mycorrhizal fungi (AMF) dual 
inoculation on nodulation, AMF root colonization, growth and nutrient acquisition under contrasting 
farming systems. The experimental treatments were AMF and/or bradyrhizobia inoculation and dual 
inoculation on SC squire soybean variety. The exotic AMF inoculants used were Funneliformis 

mosseae (BEG 12) and Rhizophagus irregularis (BEG 44) while bacteria were commercial 
Bradyrhizobium japonicum (USDA110) and native bradyrhizobia isolates. Experiments with soil 
samples from organic and conventional farms were set out using a completely randomized design with 
three replicates. The results demonstrated that bradyrhizobia and AMF dual inoculation consistently 
and significantly enhanced soybean nodule dry weight (NDW), shoot dry weight (SDW) and AMF 
root colonization compared with individual bradyrhizobia, AMF and non-inoculated control. 
Moreover, organic soil significantly (p = 0.001) increased soybean SDW, NDW and AMF root 
colonization compared to conventional soil. Remarkably, shoot nutrients content differed in organic 
and conventional farming where, shoot nitrogen, phosphorus, potassium and organic carbon were 
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higher in organic farming than the latter. Among individual inoculants, Rhizophagus irregularis out-
performed Funneliformis mosseae, while commercial Bradyrhizobium japonicum showed higher 
performance than native bradyrhizobia. Our results demonstrated the importance of organic farming, 
AMF and bradyrhizobia dual inoculation in enhancing soybean growth and nutrient acquisition. 
However, field trials should be assessed to determine the good performance of bradyrhizobia and AMF 
dual inoculation in organic farming before being popularized and adopted by farmers as a sustainable 
agronomical management strategy to increase soil fertility and food productivity. 

Keywords: dual inoculation; soybean; bradyrhizobia; arbuscular mycorrhizal fungi; organic; 
conventional farming 
 

1. Introduction 

Soybean (Glycine max L. Merrill) is an important legume with high nutritional value for human 
health and socio-economic well-being of the low-income rural populations across the globe [1,2]. 
Soybean seeds contain about 21% oil, 40% protein and 34% carbohydrate contents [3]. Soybean serves 
as a source of food and food supplements for human and as livestock feed in most countries [4]. 
Countries with high population growth, for example in the sub-Saharan Africa, highly rely on the 
cultivation of this legume in their efforts to address food insecurity and related challenges [5]. In Kenya, 
soybean is cultivated as a food diet and for income by majorly the rural smallholder farmers [6–8] who 
face financial and environmental resource constraints. For instance, the current decline in soybean 
productivity in smallholder setups has been attributed to the climatic challenges [9] including 
unpredictable drought recurrence [10], soil nutrient deficiency [11] due to excessive leaching and 
acidity, inappropriate use of fertilizers [12] and poor soil management practices [13]. 

Various mechanisms have been put in place to address the challenges facing smallholder soybean 
production especially under conventional farm management systems. The most applied strategy that 
addresses the deficiency of soil nutrients is the use of chemical inputs [12] and development of 
promiscuous soybean varieties with ability to form effective symbiotic interaction with indigenous 
bradyrhizobia communities in the soils [14]. However, the strategy of chemical applications has led to 
the excessive and inappropriate use of large quantities of inorganic fertilizers, herbicides and pesticides 
to improve soybean production. These strategies have consequently caused serious environmental health 
concerns, loss of biodiversity and soil fertility depletion [15,16], thus rendering the conventional farming 
systems unsustainable and environmentally non-productive [17]. It is estimated that only 30–35% of 
nitrogen (N) fertilizer and 8–10% of phosphorus (P) fertilizer applied by the farmers in conventional 
management system is absorbed and utilized by the soybean plants [18,19], of which, the same amount 
of nutrients could be drawn from the soil if the crop is optimally managed organically [13] and with 
additional inoculation of beneficial plant growth promoting microorganisms such as N-fixing 
bradyrhizobia [1,14] and P-solubilizing arbuscular mycorrhizal fungi [20]. 

Organic farming has emerged as a potential alternative in terms of the growing demand of healthy 
food supply, long-term sustainability, and concerns regarding environmental pollution [20]. Organic 
farming systems rely on measures that stimulate resilience and sustainability of the agroecosystem by 
enhancing incorporation of organic matter and beneficial microorganisms that efficiently avail 
nutrients to the plants, promote fertility and health of the soil. Furthermore, by reducing the application 
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of inorganic nitrogen fertilizers, organic farming systems tends to stabilize soil pH, reduce overall cost 
of production and increase economic returns to the smallholder farmers [21,22]. This system could be 
viable for soybean production and soil health restoration in African tropical agroecological zones with 
typically highly leached acidic soil. 

Soybeans significantly depend on their rhizospheric symbionts for nutrient acquisition, growth and 
dry matter accumulation. Beneficial rhizospheric interactions play a crucial role in maintaining soil 
ecological balance and, therefore, to the sustainability of both natural and soil ecosystems. More so, the 
interactions positively influence plant health, soil quality, and soybean yield [23]. Exclusively, employing 
nitrogen-fixing bradyrhizobia bacteria and AMF in soybean production are important agricultural practices 
with the potential to enhance fixation of atmospheric nitrogen, solubilization and mobilization of 
phosphorus and other essential soil nutrients that enhance soybean growth, nutrition, and yield. 

Bradyrhizobia-AMF-soybean symbiotic association is essential in facilitation of nutrients (N, P and 
Zn) and water [24]. Their tripartite interactions improve soil nutrient mobility and uptake efficiency, soil 
fertility and plant nutrition [25]. Moreover, studies have hypothesized that optimizing AMF and/or 
bradyrhizobia through inoculation and dual inoculation could further enhance growth and increase yields 
of soybean and other legumes. Abd-Alla et al. [26] revealed that symbiotic interaction of AMF and 
Bradyrhizobium japonicum strains exerts positive effects on plant growth by improving P and N 
availability while a study by Ruiz-Lozano et al. [27] confirmed a positive effect of the interactions between 
AMF and rhizobia under drought conditions. Although field studies show that organic farming tend to 
increase nitrogen fixation and soybean growth than conventional farming; the effect of bradyrhizobia and 
AMF dual inoculation in the two farming systems has not been tested fully in Eastern Kenya. Secondly, 
little attention has been focused on the possibility of raising the inoculum potential of bradyrhizobia and 
AMF through organic farming; a strategy that would be fundamental towards the development of 
sustainable agriculture, increased crop growth, food production and enhanced soil fertility. 

The study hypothesized that soybean inoculation versus dual inoculation with AMF and/or 
bradyrhizobia increase AMF root colonization, nodulation, soil fertility, nutrient acquisition and 
growth in organic than conventionally managed farm soils. In view of all these, greenhouse 
experiments were carried out between September 2016 and April 2017 to investigate the effect of 
inoculation and dual inoculation of AMF and/or bradyrhizobia on soybean root colonization, 
nodulation and nutrient acquisition in leached and acidic soil obtained from organic and conventional 
farming systems in Kenya. Understanding the effects of inoculation and dual inoculation with AMF 
and/or bradyrhizobia on soybean production under low pH and leached soils is important as it forms 
the basis upon which cheap and affordable biofertilizers can be developed and adopted by farmers as 
alternatives for a sustainable agricultural production. The study achieved its aim with the results 
demonstrating the importance of organic farming and dual inoculation with AMF and bradyrhizobia 
in enhancing biological soil fertility, nutrient acquisition and sustainable production of soybean while 
maintaining environmental quality. 

2. Materials and methods 

2.1. Experimental site and source of rooting medium 

Soil samples were collected in September 2016 from three strictly organic and three 
conventionally managed farmers’ fields in Meru South, Tharaka Nithi County, Kenya and used as the 
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growth and rooting medium. The identified organic farms were designated as GO, JO and HO, located 
at 0°22′16.6″S 37°38′49.5″E; 0°22′18.8″S 37°38′44.2″E and 0°22′21.0″S 37°38′43.9″E respectively; 
while the conventional farms were designated as GC, JC and HC, respectively located at 0°22′18.2″S 
37°38′50.6″E; 0°22′20.1″S 37°38′42.4″E and 0°22′19.7″S 37°38′45.5″E. All the farms had no previous 
history of bradyrhizobia inoculation or soybean cultivation. The organic farmers were trained and 
certified. The three organic farms had three years after conversion and no recent history of herbicide, 
pesticide and inorganic fertilizer application while conventional farms had a long history of herbicide, 
pesticide and inorganic fertilizer application. 

The upper 20 cm of soil was sampled from 12 different points along the diagonally and across 
every selected farm prior to the onset of short rains. Samples from each farm were mixed thoroughly 
to make a homogenous composite sample. One kilogram of the composite sample from each farm was 
packaged independently in sterile khaki bags, sealed and transported to the laboratory for storage 
at 4 ℃, analysis and greenhouse assay. The soils were air-dried, ground, and passed through a 2-mm 
sieve prior to analysis [28]. Soil pH was determined using a pH meter (Hach, HQ411d, UK) in a 
prepared soil-water suspension ratio of 1: 2.5. The soil organic carbon was determined by Walkley-
Black combustion method [29] while nitrogen concentration was determined following the Kjeldahl 
method (Hanon K9840 Kjeldahl apparatus) as described by Sáez-Plaza et al. [30]. The available 
phosphorus (P) and potassium (K) were determined according to Mehlich-3 (M-3) procedures [31]. 
The soils are Humic Nitisols [32], well weathered, leached and typically acidic. The soil (rooting 
medium) for use in the greenhouse assay was sterilized in an autoclave at 0.11 MPa, 121 ℃ for two 
hours. 

2.2. Plant material and inoculants 

The SC squire soybean variety was used as the test plant because of its superior performance in 
the field experiments compared to other soybean varieties. Furthermore, it is a promiscuous soybean 
variety that nodulates with diverse bradyrhizobia species, high yielding and produces large seeds with 
high oil content [33]. The seeds were sourced from the Kenya Agricultural Research Institute (KARI) 
Njoro, Nakuru. Two exotic AMF inoculants; Funneliformis mosseae (BEG 12) and Rhizophagus 

irregularis (BEG 44) and two bacteria inoculants; commercial Bradyrhizobium japonicum (USDA 110) 
and native bradyrhizobia isolate (NRB26) were used. The exotic AMF inoculants were acquired from 
INRA, Dijon France and propagated in pot cultures using Bermuda grass (Cynodon dactylon). The 
resulting propagule inoculants of AMF (consisted of 50 spores’ g−1, mycelium and root fragments) 
were used as the mycorrhizal spore inoculants [34]. The commercial Bradyrhizobium japonicum 
(USDA 110) inoculant was obtained from MEA Company Nakuru-Kenya, sold under license from the 
Microbiological Resources Centre (MIRCEN), University of Nairobi while the native bradyrhizobia 
(NRB26) was isolated from the root nodules of SC squire soybean used in the field trapping experiment. 
The native bradyrhizobia (NRB26) was used because of its superior performance compared with the 
other native bradyrhizobia soybean isolates. 

2.3. Experimental design 

A completely randomized design (CRD) with three replicates was used. The SC squire soybeans 
were inoculated with native bradyrhizobia (NRB26), commercial Bradyrhizobium japonicum 
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(USDA110), Funneliformis mosseae (BEG 12) and Rhizophagus irregularis (BEG 44) while dual 
inoculation consisted of a combination of two inoculants (as shown in Table 1) mixed at an equal ratio 
of 1: 1 (v/v). The controls were left un-inoculated and consisted of only sterilized soil. Treatments 
requiring AMF inoculation were supplied with 10 g of AMF inoculant against forty grams (40 g) of 
sterilized soil mixed in a 50 mL falcon tube during transplanting. Seedlings inoculation with the 
bradyrhizobia inoculant was achieved by applying 1 mL (109 colony forming units) of the respective 
bradyrhizobia inoculant seven days after planting as described by Somasegaran et al. [35]. The 
application method for treatments requiring AMF + Bradyrhizobium co-inoculation was adopted and 
modified from previous co-inoculation studies [36,37]. A total of 11 treatments were represented 
giving a total of 33 falcon tubes constituting the whole experimental layout (Table 1). 

Table 1. The composition of 11 different treatments represented in greenhouse experiments. 

Treatment Composition 
T1 Native bradyrhizobia (NRB) 
T2 Bradyrhizobium japonicum (CB) 
T3 Funneliformis mosseae (FM) 
T4 Rhizophagus irregularis (RI) 
T5 Native bradyrhizobia + Bradyrhizobium japonicum (NRB + CB)/ or T1 + T2 
T6 Funneliformis mosseae + Rhizophagus irregularis (FM + RI)/ or T3 + T4 
T7 Native bradyrhizobia + Funneliformis mosseae (NRB + FM) or T1 + T3 
T8 Native bradyrhizobia + Rhizophagus irregularis (NRB + RI) or T1 + T4 
T9 Bradyrhizobium japonicum +Funneliformis mosseae (CB + FM) or T2 + T3 
T10 Bradyrhizobium japonicum + Rhizophagus irregularis (CB + RI) or T2 + T4 
T11 Absolute control without inoculation (C) 

2.3 Soybean pre-germination, planting and management 

Healthy soybean seeds of good viability (85% germination) were selected and surface-sterilized 
with 3% sodium hypochlorite solution for 5 minutes, rinsed with 8 changes of sterile distilled water, and 
soaked in clean sterile distilled water for one hour to allow imbibition [35]. Twelve seeds were 
transferred aseptically to the Petri dishes containing 2% water agar plates and incubated upside down 
at 28 ℃ for 4 days in the dark [38]. Aseptically, two seedlings whose radicles attained a length of 1–2 cm 
after the incubation period were transferred onto falcon tubes filled with the rooting media (and 10g 
AMF inoculant for only AMF treatments) and moistened with sterilized distilled water. Watering 
was done after every 4 days interval using sterile distilled water. Seven days after planting, thinning 
was done to reduce the plants to one seedling in each falcon tube and inoculation was done using 
freshly made 1mL of bradyrhizobia broth culture for treatments requiring bradyrhizobia. The 
greenhouse conditions had 12 hours of natural light and darkness and an average temperature of 25 ℃ 
and 50%–80% relative humidity during the growing period. 

2.4. Soybean harvesting 

Forty-five days after planting, the plants were harvested for roots and shoots dry weight, and 
nutrient (N, P and K) content assessment. The plants were gently removed from the falcon tubes 
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together with the adhering soil clods and placed on a course sieve, washed with a gentle stream of 
water. The roots were observed for the presence of nodules, nodule internal coloration and nodule 
number. The shoots were cut at the cotyledonary node separating plant shoots from the roots and stored 
separately in labeled khaki paper bags. The root nodules from each treatment were counted to 
determine the nodule number (NN) per plant, detached and dried. Nodule characteristics such as color 
and dry weight (NDW) were also recorded [39]. The plant shoots and roots were oven dried at 65 ℃ 
until a constant dry weight was obtained. 

2.5. Root staining and mycorrhizal colonization 

About 1g of roots from each sample was thoroughly cleaned with tap water and placed in falcon 
tubes, cleared with 10% KOH in water bath at 80 ℃ for 15 minutes, neutralized in 2% aqueous HCl 
acid and stained with 0.05% trypan blue in lactic acid [40]. The percentage AMF root colonization was 
assessed under a dissecting microscope at × 40 magnifications using the gridline intersect method [41]. 

2.6. Shoot nutrient analysis 

The previously dried shoot samples (dried at 65 ℃ to a constant dry weight) were then ground 
into fine particles that can pass a 1 mm sieve. The concentration of nitrogen in the shoots was 
determined following the Kjeldahl method (Hanon K9840 Kjeldahl apparatus) as described by Sáez-
Plaza et al. [30]. The shoot nutrient contents for phosphorus (P) and potassium (K) were determined 
by injecting samples into an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7500ce, 
Agilent Technologies, United States). This was carried out following Mehlich-3 procedure [31]. The 
shoot organic carbon was determined by Walkley-Black combustion method [29] 

2.7. Data analyses 

All data were tested for homogeneity of variance before analyses. Data on all the parameters 
recorded were statistically subjected to analysis of variance (ANOVA) using SAS 8.1 (SAS Institute 
Inc., Cary, NC, USA) for multiple comparison analysis. Means separation was carried out using 
Tukey’s Honest Significance difference (HSD) at 5% probability level. The correlations of soybean 
growth parameters, AMF root colonization, nutrients uptake and shoot organic carbon were analysed 
using Pearson’s correlation (R) coefficients (RStudio in R version 4.0.1). 

3. Results 

3.1. Soil characteristics 

The physical and chemical characteristics of the soil varied significantly between organic and 
conventional farming systems (Table 2). The organic farm soils had higher nutrient and chemical 
content compared to conventional farm soils. All the soils were characteristically acidic with organic 
farming recording significantly (p < 0.0001) higher pH (5.7) than conventional farming (4.57). Soil 
from organic farming system had total nitrogen concentration of 2.7 which was significantly (p = 0.012) 
higher than in conventional farming (2.2). Organic farming system led to significant (p = 0.003) 
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variation in organic carbon level. Organic farming significantly (p = 0.001) enhanced the level of 
available soil phosphorus. Although the level of available soil potassium was higher in organic farming 
compared to conventional farming, the difference was statistically insignificant (Table 2). 

Table 2. Soil characteristics in organic and conventional farms. 

 pH N (g·kg−1) K (g·kg−1) P (mg·kg−1) OC (g·kg−1) 
Farm Management 
Organic 5.7 ± 0.08a 2.7 ± 0.01a 3.94 ± 0.01a 27.73 ± 0.23a 28.2 ± 0.05a 
Conventional 4.57 ± 0.06b 2.2 ± 0.00b 3.74 ± 0.01a 25.50 ± 0.17b 25.4 ± 0.05b 
P Values 
Farm Management <0.0001 0.012 0.996 0.001 0.003 

Values within the same column without common letters differ significantly according to Tukey’s HSD at p < 0.05. 
P: phosphorus; N: nitrogen; K: potassium; OC: organic carbon. 

3.2. Effect of farm management systems and inoculation on AMF root colonization 

The percentage of soybean root length colonized by AMF significantly (p = 0.007) varied 
between the two farm management systems where organic soil recorded higher root colonization than 
conventional soil (Table 3). The cross-species (bradyrhizobia and mycorrhizal) dual inoculation 
significantly (p = 0.001) enhanced the percentage AMF root colonization compared to the individual 
mycorrhizal or bradyrhizobia inoculation. 

Although the combination of native bradyrhizobia and AMF resulted in a higher root AMF 
colonization compared to individual exotic AMF, they were not as effective as the association between 
the commercial Bradyrhizobium japonicum and the exotic AMF in enhancing AMF root colonization 
(Table 3). Dual inoculation with the mixture of two AMF species resulted in root colonization higher 
(63.88 ± 0.79%) than that of Funneliformis mosseae at 56.67 ± 0.91% exclusively but lower than that 
of Rhizophagus irregularis at 69.82 ± 0.58% alone. Expectedly, the control treatment, native 
bradyrhizobia, Bradyrhizobium japonicum and Bradyrhizobium japonicum + native bradyrhizobia did 
not lead to AMF root colonization on soybean roots (Table 3). 

Table 3. Effect of inoculation and dual inoculation of soybean plants with bradyrhizobia 
and arbuscular mycorrhizal fungi (AMF) on root colonization, nodule number, nodule dry 
weight, shoot dry weight and root dry weight in the greenhouse. 

 AMF (%) NN NDW 
(g·plant−1) 

SDW 
(g·plant−1) 

RDW 
(g·plant−1) 

Farm Management 
Organic 44.42 ± 6.01a 10.91 ± 1.67a 0.09 ± 0.01a 1.67 ± 0.05a 0.54 ± 0.02a 
Conventional 43.55 ± 5.88b 9.45 ± 1.48b 0.08 ± 0.02a 1.45 ± 0.04b 0.46 ± 0.02b 
Inoculation 
CB 0.00 ± 0.00 13.33 ± 1.20cd 0.13 ± 0.01bcd 1.45 ± 0.05fg 0.42 ± 0.02ef 
CB + FM 73.89 ± 0.81ab 21.50 ± 1.26ab 0.15 ± 0.03ab 1.88 ± 0.05b 0.61 ± 0.01b 
CB + NRB 0.00 ± 0.00 11.00 ± 0.94de 0.11 ± 0.01cd 1.39 ± 0.07gh 0.41 ± 0.03fg 
CB + RI 75.83 ± 0.42a 24.67 ± 0.88a 0.16 ± 0.02a 2.03 ± 0.06a 0.69 ± 0.03a 

Continued on next page 
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 AMF (%) NN NDW 
(g·plant−1) 

SDW 
(g·plant−1) 

RDW 
(g·plant−1) 

FM 56.67 ± 0.91f 0.00 ± 0.00 0.00 ± 0.00 1.48 ± 0.05efg 0.48 ± 0.02de 
FM + RI 63.88 ± 0.79e 0.00 ± 0.00 0.00 ± 0.00 1.54 ± 0.04ef 0.53 ± 0.02cd 
NRB 0.00 ± 0.00 9.00 ± 0.86e 0.10 ± 0.01d 1.30 ± 0.05h 0.34 ± 0.01g 
NRB + FM 71.13 ± 0.42cd 15.00 ± 0.39cd 0.14 ± 0.01abc 1.72 ± 0.06cd 0.56 ± 0.04bc 
NRB + RI 72.65 ± 0.45bc 17.50 ± 1.25bc 0.15 ± 0.02abc 1.80 ± 0.05bc 0.57 ± 0.02bc 
RI 69.82 ± 0.58d 0.00 ± 0.00 0.00 ± 0.00 1.59 ± 0.06de 0.54 ± 0.02bcd 
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.01 ± 0.04i 0.33 ± 0.02g 
P Values 
Farm 
Management 

0.007 0.011 0.061 0.001 0.001 

Inoculum 0.001 0.001 0.001 0.001 0.001 
Farm 
Management* 
Inoculum 

0.880 0.889 0.874 0.566 0.754 

Values within the same column without common letters differ significantly according to Tukey’s HSD at p < 0.05. 
NRB: Native bradyrhizobia; CB: Commercial Bradyrhizobium japonicum; FM: Funneliformis mosseae; RI: 
Rhizophagus irregularis; AMF: arbuscular mycorrhizal fungi; NN: nodule number; NDW: nodule dry weight; SDW: 
shoot dry weight; RDW:root dry weight. 

3.3. Effect of farm management systems and inoculation on soybean nodulation, root and shoot dry weights 

Significant variations due to farm management and inoculations were recorded in the studied 
parameters of plant nodulation and biomass dry weight. Organic soil significantly increased nodule 
number (F15,47 = 3.72, p = 0.011), root (F41,112 = 10.3, p = 0.001) and shoot dry weights (F15,47 = 3.00, 
p = 0.001) plant−1 compared to conventionally managed soils. Similarly, cross-species (bradyrhizobia + 
AMF) dual inoculation significantly enhanced nodule (F15,47 = 7.13, p = 0.001), root (F31,112 = 18.11, 
p = 0.001), and shoot dry weights (F15,47 = 17.64, p = 0.001) plant−1 compared to individual bradyrhizobia, 
mycorrhizal inoculation or un-inoculated control. Remarkably, dual inoculation with the commercial 
bradyrhizobia and Rhizophagus irregularis consistently outscored all other bradyrhizobia + AMF 
combinations, their respective individuals and controls in all the studied parameters of plant nodulation 
and biomass dry weight. Among the single inoculants, soybean inoculation with Rhizophagus irregularis 
significantly enhanced roots and shoots dry weight plant−1 compared to Funneliformis mosseae. 
Likewise, inoculation with the commercial Bradyrhizobium japonicum resulted to a significantly higher 
shoot and root dry weights plant−1 compared to those inoculated with individual native bradyrhizobia. 
There was no nodulation recorded for soybean plants treated with only the AMF isolates Rhizophagus 

irregularis, Funneliformis mosseae, Rhizophagus irregularis + Funneliformis mosseae and the control. 
Notably, there were no significant interactions observed between farm management and inoculation in 
all the plant parameters (Table 3). 

3.4. Effects of farm management system and inoculation on soybean shoot nutrition 

Farm management system and inoculation significantly influenced soybean shoot nutrition. A 
significant variation due to different farm management systems was noted on shoot phosphorus (P) 
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(F10,33 = 3556.36, p = 0.001), nitrogen (N) (F10,33 = 228.20, p = 0.001), potassium (K) (p = 0.001), and 
organic carbon (OC) (F10,32 = 321.54, p = 0.001) (Table 4). Organic soils significantly increased 
soybean shoots nutrient content by 14% for P, 22% for N, and 5% for both K and OC compared to the 
conventional soils. Dual inoculation of soybean plants with bradyrhizobia and AMF increased shoots 
P, N, K and OC content compared to the respective individual inoculants and un-inoculated controls. 
Interestingly, dual inoculation of soybeans using commercial Bradyrhizobium japonicum and 
Rhizophagus irregularis outperformed all other dual and single inoculations (including the single 
inoculations with native bradyrhizobia), and the un-inoculated controls in shoot P, N, K and OC 
content. Among the individual bacterial and fungal inoculants; the commercial Bradyrhizobium 

japonicum and Rhizophagus irregularis significantly enhanced shoot P, N, K and OC content 
compared to the native bradyrhizobia and Funneliformis mosseae respectively. 

There were significant interactions observed between inoculation and farm management practice 
on P, N and K shoot nutritional parameters tested (Table 4). For instance, soybean inoculated with 
Bradyrhizobium japonicum + Rhizophagus irregularis had the highest shoot P content in soils from 
organic farms compared with soils from conventional farms. However, dual inoculation with 
Bradyrhizobium japonicum + Funneliformis mosseae and Bradyrhizobium japonicum + Rhizophagus 

irregularis did not yield any significant difference in P content of soybean shoot grown in both organic 
and conventional soils (Figure 1A). Likewise, the P content in soybean grown in organic soils and dual 
inoculated with native bradyrhizobia + Rhizophagus irregularis and Bradyrhizobium japonicum + 
Funneliformis mosseae did not significantly differ despite receiving different bradyrhizobia and AMF 
inoculant strains. Similarly, dual inoculation of soybeans with Bradyrhizobium japonicum + 
Funneliformis mosseae and Bradyrhizobium japonicum + Rhizophagus irregularis achieved the 
highest shoot percentage nitrogen in organic farms compared to conventional farms (Figure 1B). 

Table 4. Effect of inoculation and dual inoculation on soybean plant shoot phosphorus (P), 
nitrogen (N), potassium (K) and organic carbon (OC) in the greenhouse. 

 P (mg·kg−1) N (g·kg−1) K (mg·kg−1) OC (g·kg−1) 
Farm management     
Organic 2885.88 ± 66.71a 25.1 ± 0.07a 12000.15 ± 217.49a 212.1 ± 0.37a 
Conventional  2521.48 ± 58.04b 20.6 ± 0.07b 11430.45 ± 223.72b 202.0 ± 0.34a 
Inoculation     
CB 2471.83 ± 79.99h 20.4 ± 0.08g 10491.00 ± 184.25h 198.6 ± 0.24d 
CB+FM 3139.50 ± 94.58b 28.3 ± 0.11b 13848.33 ± 117.17b 233.6 ± 0.22b 
CB+NRB 2371.17 ± 69.41i 19.6 ± 0.07g 10151.00 ± 139.53i 190.5 ± 0.23e 
CB+RI 3290.50 ± 94.59a 29.8 ± 0.03a 13994.00 ± 117.11a 242.2 ± 0.22a 
FM 2587.17 ± 55.84g 21.9 ± 0.09f 11634.00 ± 117.17g 202.1 ± 0.39d 
FM+RI 2663.50 ± 78.93f 22.6 ± 0.07f 11819.00 ± 126.15f 204.7 ± 0.31d 
NRB 2304.50 ± 72.22j 18.0 ± 0.04h 9848.33 ± 133.21j 185.1 ± 0.23e 
NRB+FM 2903.51 ± 94.58d 25.0 ± 0.11d 12790.32 ± 128.22d 216.7 ± 0.31c 
NRB+RI 3087.50 ± 94.59c 26.1 ± 0.11c 13217.00 ± 116.15c 229.8 ± 0.22b 
RI 2765.50 ± 96.82e 23.6 ± 0.09e 12007.00 ± 117.17e 205.8 ± 0.24d 
Control 2155.83 ± 66.51k 15.5 ± 0.09i 9068.33 ± 107.43k 168.6 ± 0.26f 
P values 

Continued on next page 
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 P (mg·kg−1) N (g·kg−1) K (mg·kg−1) OC (g·kg−1) 
Farm Management 0.001 0.001 0.001 0.001 
Inoculum 0.001 0.001 0.001 0.001 
Farm Management* 
inoculum 

0.001 0.019 0.001 0.876 

Values within the same column without common letters differ significantly according to Tukey’s HSD at p < 
0.05. NRB: Native bradyrhizobia; CB: Commercial Bradyrhizobium japonicum; FM: Funneliformis mosseae; 
RI: Rhizophagus irregularis; ppm: parts per million; P: phosphorus; N: nitrogen; K: potassium; OC: organic 
carbon. 

 

Figure 1. Greenhouse interactive effects of soybean shoot nutrients due to inoculation and 
dual inoculation in different farm management practices. Bars followed by different letters 
are significantly different using Tukey’s test (P ≤ 0.05). NRB: Native bradyrhizobia; CB: 
Commercial Bradyrhizobium japonicum; FM: Funneliformis mosseae; RI: Rhizophagus 

irregularis. 

3.5. Relationships between AMF colonization, soybean growth and shoot nutrition parameters 

Shoot dry weight had a significant positive correlation with soybean nodule dry weight (R = 0.582, 
p = 0.001), OC (R = 0.947, p = 0.001), shoot P (R = 0.958, p = 0.001), shoots N concentration (R = 0.966, 
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p = 0.001) and shoot K (R = 0.936, p = 0.001) (Table 5). Similarly, AMF root colonization showed 
strong positive correlation with shoot N, P, K, and shoot OC. Nodule number and dry weight positively 
correlated with shoot P content, N, and OC, but showed a negative correlation with shoot K. There was 
also a very strong positive correlation between OC, N, P, K, and shoot dry weight (Table 5). 

Table 5. Pearson correlation (R) coefficients between soybean arbuscular mycorrhizal 
fungi (AMF) root colonization, nodule number (NN), nodule dry weight (NDW), shoot 
dry weight (SDW), phosphorus (P), Nitrogen (N), potassium (K) and organic carbon (OC) 
in the greenhouse. 

 AMF NN NDW SDW P N K OC 
AMF 
NN 
 

1 
+0.266* 
0.031 

 
 
1 

      

NDW 
 

+0.129** 
0.301 

+0.965** 
0.001 

1      

SDW +0.754** 
0.001 

+0.686** 
0.001 

+0.582** 
0.001 

1     

P +0.781** 
0.001 

+0.631** 
0.001 

+0.505** 
0.001 

+0.958** 
0.001 

1    

N +0.764** 
0.001 

+0.624** 
0.001 

+0.499** 
0.001 

+0.966** 
0.001 

+0.987** 
0.001 

1   

K +0.904** 
0.001 

−0.606** 
0.001 

−0.478** 
0.001 

+0.936** 
0.001 

+0.942** 
0.001 

+0.936** 
0.001 

1  

OC +0.800** 
0.001 

+0.709** 
0.001 

+0.963** 
0.001 

+0.947** 
0.001 

+0.759** 
0.001 

+0.536** 
0.001 

−0.682** 
0.001 

1 

**: Correlation is significant at the 0.01 level (2-tailed); *: Correlation is significant at the 0.05 level (2-tailed). 

4. Discussion 

4.1. Soil characteristics 

The properties of farm soil varied depending on farm management practice. The organic farm 
soils recorded lower acidity and higher fertility levels compared to conventional farms; which could 
be due to application of organic fertilizers and amendments that neutralize the low soil acidity and 
maintain beneficial soil microorganisms that maintain soil nutrient recycling. In organic farming, the 
application of animals' manure and compost promote the activity and diversity of soil microbes [42] 
that promote nutrient cycling and enhance soil properties [43]. Organic farm soils, which had a mean 
pH of 5.7, higher organic carbon content compared to conventional soils with low soil pH of 4.57, 
consistently supported the tripartite soybean-rhizobia-AMF symbiosis leading to higher averaged 
values of all the tested parameters. This corresponds with the previous studies that organic farm 
management allows formation and establishment of a compatible relationship between the host plant 
and AMF leading to increased AMF root colonization [44]. The increased level of organic nutrients in 
organic soil favors root and AMF mycelia growth that enhanced AMF root colonization. A study by 
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Karunasinghe et al. [45] reported that improved nutrients availability facilitates growth of root and 
AMF mycelia, resulting in a high AMF root colonization. 

The conventional farm soils had higher acidity and lower fertility levels, which could be due to 
extensive application of inorganic fertilizers, heavy leaching and runoff. The low level of soil fertility 
in conventional farms is attributed to acidity, runoff and leaching, following the use of inorganic 
chemical fertilizers and other agrochemicals [46]. The relatively higher acidity of the conventional soil 
used, which is typical of highly weathered East African soils [28], debilitates soil N cycling, P 
availability and exchange of cations, thus, interfering with the optimal performance of introduced 
inoculants causing selection pressures. A study carried out by Liu et al. [47] reported up to 90% 
reduction in arbuscule abundance in tomato roots, which was primarily linked to high acidity. A recent 
study by Ye et al. [48] also reported soil pH and organic carbon as the most critical factors that regulate 
the performance and composition of fungal community. The low availability of phosphorus in acidic 
soil could significantly reduce the process of biological nitrogen fixation [49], and this was reflected 
in this study with reduced nodulation, shoot dry matter, and phosphorus content in the conventional 
soils. But interestingly, despite the low soil pH conditions in this study, elite synergistic performance 
of the commercial Bradyrhizobium japonicum and Rhizophagus irregularis over the native inoculant 
combinations in enhancing soybean root colonization, nodulation, growth and shoot nutrition was 
observed. This is contrary to other previous studies which have shown the superior performance of 
native isolates over the commercial or exotic inoculants [50]. 

4.2. Effects of inoculation and dual inoculation on soybean production 

Soybean plants require essential elements for their growth and development and through 
advanced breeding technologies, cultivars such as SC squire that are promiscuous and associate with 
a diverse range of rhizospheric microorganisms, have been produced to optimize nutrient acquisition 
through multipartite symbioses [51]. Legumes form tripartite symbiotic associations with rhizobia and 
AMF that act in synergy to provide various ecosystem services that enhances plant growth, 
productivity and soil health [52]. The tripartite symbiosis in this study was investigated by dual 
inoculation of soybean with AMF and bradyrhizobia. The results of this study demonstrated that AMF 
and bradyrhizobia partners in this tripartite symbiosis did not compete for colonization sites on 
soybean and therefore they coexisted synergistically in one soybean host plant and enhanced 
nodulation, nitrogen fixation and nutrients acquisition for the benefit of all the partners. The 
bradyrhizobia-soybean symbiosis is involved in the fixation of atmospheric nitrogen, while the 
association with arbuscular mycorrhizal fungi modifies the ability of the plant to take up phosphorus 
and other nutrients [53]. 

The results of this study concur with the previous findings that interaction among the participants 
in tripartite symbiosis was observed to have a significant impact on nitrogen fixation [54]. In dual 
inoculation of Vigna unguiculata (L.) Verdc. with AMF and rhizobia, percentage AMF colonization 
of roots, the number of nodules and phosphorus absorption was higher than when each was inoculated 
alone [55]. The rapid and extensive AMF root colonization in the plant leads to early formation of 
nodules hence a higher nitrogen fixation in plants colonized by both AMF and bradyrhizobia. The 
interaction between bradyrhizobia and AMF is due to flavonoids secreted by the host plant [56]. A 
number of flavonoids have the potential of stimulating hyphal growth and branching, which in turn 
stimulates nodule formation with increase in nitrogen fixation [56]. 
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In low input or organic farm management systems, compatible plant–fungus–rhizobia 
associations may play a more prominent and critical role in the optimal nutrition of the host plants than 
in conventional agricultural systems [57]. Therefore, choosing compatible strains of bacteria and 
fungus when producing inoculants for farmers is imperative to avoid assembling collection of 
candidates with competitive or antagonistic characteristics. In this study, a combination of commercial 
Bradyrhizobium japonicum with Rhizophagus irregularis consistently proved to effectively enhance 
root colonization, nodulation, shoot and root dry weights, and N, P, K and OC nutrient content of the 
soybean shoots. This could be associated with their synergistic ability to enhance nutrient availability 
and absorption compared to the single inoculation of AMF, bradyrhizobia or the un-inoculated control. 
Previous studies have linked the enhanced nutrient uptake to higher root surface area boosted by the 
extra-radical mycelium of the fungi especially when Glomus mosseae and Rhizobium were used [26,58,]. 
Surprisingly in this study, single inoculation of Rhizophagus irregularis had significant performance 
than the higher levels of AMF diversity in dual inoculations consisting of Rhizophagus irregularis and 
Funneliformis mosseae in AMF root colonization and shoot nutrition. Therefore, a clear indication of 
stronger functional identity than diversity on AMF root colonization and shoot nutrition. This could 
be due to the competition of the two AMF species for the infection sites on the host plant [59]. 
Rhizophagus irregularis has been commonly used in inoculation of acidic soils due to its adaptability 
and elite performance in low pH conditions compared to Funneliformis mosseae [47]. 

The superior performance of the commercial Bradyrhizobium japonicum inoculant in this study 
could be attributed to their extensive selection based on their performance under various ecological 
conditions. Previous study by Tabassum et al. [60] noted that technical advancement in interdisciplinary 
research and strain improvement are the key aspects for a successful commercialization, utilization and 
adoption of biological inoculants. Barbosa et al. [61] added that the commercial Bradyrhizobium 

japonicum still holds high symbiotic capabilities with soybeans and in most cases out-competes other 
strains in colonizing the plant roots. Additionally, other factors such as soil sterilization and laboratory 
culture maintenance have been shown to alter the optimal strain functionality [62], and could limit the 
performance of the native inoculants in soybean host plants. It is also noteworthy that this was a 
greenhouse experiment carried out under controlled conditions and thus there is need to carry out field 
tests with similar treatments to affirm the current findings. 

4.3. Relationships between AMF colonization, soybean growth and shoot nutrition parameters 

According to the Pearson’s correlation coefficients, a strong positive association between nodule 
dry weight and shoot dry weight supports the biological significance of symbiotic nitrogen fixation in 
enhancing soybean growth. These findings concur with the previous studies by Ouma et al. [63] that 
reported that dual inoculation increases nodulation and consequently enhances shoot biomass. The 
strong positive relationship between AMF root colonization and shoot dry weight depicts the 
significance of mycorrhizal inoculation in legume production. Mycorrhizal root system promotes the 
absorption of crucial nutrients such as N, P, K and copper (Cu) by enhancing the absorptive area of 
root system. Arbuscular mycorrhizal fungi are also able to absorb and transfer both micro and macro 
nutrients which are necessary for plant growth [64]. Upadhayay et al. [65] reported that AMF network 
in the soil is able to sustain P transport to the host plant for a long period. This study also revealed that 
an increase in AMF root colonization, significantly increased shoots organic carbon. The ability of 
AMF to solubilize different nutrients from the soil and assimilation using their intricate root web [66] 
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could be attributed to the increased organic carbon documented from this study. Previous research by 
Sofi et al. [67] reported that the same extensive network of AMF fungal filaments contributes to the 
water uptake and storage for the host plant. 

5. Conclusions 

This study determined the influence of single inoculation versus dual inoculation with AMF 
and/or bradyrhizobia on root colonization and nodulation in organic and conventional farm soils and 
the study results strongly support the hypothesis which predicted that; soybean inoculation versus dual 
inoculation with AMF and/or bradyrhizobia increase AMF root colonization, nodulation, soil fertility, 
nutrient acquisition and growth in organic than conventionally managed farm soils. The results of the 
current study demonstrate the importance of organic farming and dual inoculation with AMF and 
bradyrhizobia in enhancing biological soil fertility, nodulation, AMF root colonization, growth and 
nutrient acquisition, a key step towards sustainable production of inexpensive healthy foods and 
maintenance of environmental quality. Therefore, compared to the conventional system, organic 
farming is sustainable and cost effective for majority of smallholder farmers who are resource-
constrained and depend on low input agriculture. Organic farming enhanced the synergistic role of 
symbiotic microorganisms (AMF and bradyrhizobia) in soybean growth due to increased biological 
nitrogen fixation and enhanced acquisition of organic carbon, potassium and phosphorus as 
demonstrated from the soil and shoot analyses. The consistent and outstanding superior performance 
of Rhizophagus irregularis and Bradyrhizobium japonicum in both combined and individual state 
present positive, effective and beneficial synergistic relationship and could be potentially used to 
optimize organic production as an alternative to chemical fertilizers for agricultural sustainability and 
reduced cost of crop production. However, further studies should focus on field trials for the exotic 
strains of AMF used in this greenhouse experiment to establish their competitiveness and beneficial 
impacts in promoting biological nitrogen fixation, nutrient acquisition and soybean growth in both 
organic and conventional farms. In addition, further studies on molecular mechanisms involved in the 
symbiotic associations can be crucial to enhance the present understanding and their application in 
sustainable organic farming systems. 

Acknowledgment 

The authors thank the National Research Fund (NRF) for funding, School of Pure and Applied 
Sciences and Department of Biochemistry, Microbiology and Biotechnology, Kenyatta University for 
providing research facilities for use in this study. 

Conflict of interest 

The authors declare that they have no conflict of interest. 

References 

1. Masciarelli O, Llanes A, Luna V (2014) A new PGPR co-inoculated with Bradyrhizobium 

japonicum enhances soybean nodulation. Microbiol Res 169: 609–615. 



492 

AIMS Agriculture and Food Volume 6, Issue 2, 478–495. 

2. Maphosa Y, Jideani VA (2017) The role of legumes in human nutrition. Functional Food-Improve 

Health through Adequate Food. Intech. 
3. Medic J, Atkinson C, Hurburgh CR (2014) Current knowledge in soybean composition. J Am Oil 

Chem Soc 91: 363–384. 
4. Da Silva Júnior EB, Favero VO, Xavier GR, et al. (2018) Rhizobium inoculation of cowpea in 

Brazilian cerrado increases yields and nitrogen fixation. Agron J 110: 722–727. 
5. Jackson AS (2016) A brief history of soybean production in Kenya. Res J Agric Environ Manage 

5: 58–64. 
6. Muniu FK (2017) Characterization and evaluation of local cowpea accessions and their response 

to organic and inorganic nitrogen fertilizers in coastal Kenya. Doctoral dissertation, University of 
Nairobi. 

7. Njeru EM, Maingi JM, Cheruiyot R, et al. (2013) Managing soybean for enhanced food 
production and soil bio-fertility in smallholder systems through maximized fertilizer use 
efficiency. Int J Agric For 3: 191–197. 

8. Ndungu SM, Messmer MM, Ziegler D, et al. (2018) Cowpea (Vigna unguiculata L. Walp) hosts 
several widespread bradyrhizobial root nodule symbionts across contrasting agro-ecological 
production areas in Kenya. Agr Ecosyst Environ 261: 161–171. 

9. Lobell DB, Field CB (2007) Global scale climate–crop yield relationships and the impacts of 
recent warming. Environ Res Lett 2: 014002. 

10. Ku YS, Au-Yeung WK, Yung YL, et al. (2013) Drought stress and tolerance in soybean. A 

Comprehensive Survey of Internaitonal Soybean Research-Genetics, Physiology, Agronomy and 

Nitrogen Relationships, 209–237. 
11. Caliskan S, Ozkaya I, Caliskan ME, et al. (2008) The effects of nitrogen and iron fertilization on 

growth, yield and fertilizer use efficiency of soybean in a Mediterranean-type soil. Field Crop 

Res 108: 126–132. 
12. Brahim S, Niess A, Pflipsen M, et al. (2017) Effect of combined fertilization with rock phosphate 

and elemental sulphur on yield and nutrient uptake of soybean. Plant Soil Environ 63: 89–95. 
13. Samson ME, Menasseri-Aubry S, Chantigny MH, et al. (2019) Crop response to soil management 

practices is driven by interactions among practices, crop species and soil type. Field Crop Res 
243: 107623. 

14. Chibeba AM, Kyei-Boahen S, de Fátima Guimarães M, et al. (2017) Isolation, characterization 
and selection of indigenous Bradyrhizobium strains with outstanding symbiotic performance to 
increase soybean yields in Mozambique. Agric Ecosyst Environ 246: 291–305. 

15. Butler SJ, Vickery JA, Norris K (2007) Farmland biodiversity and the footprint of agriculture. 
Science 315: 381–384. 

16. Wezel A, Casagrande M, Celette F, et al. (2014) Agroecological practices for sustainable 
agriculture. A review. Agron Sustain Dev 34: 1–20. 

17. Altieri MA, Farrell JG, Hecht SB, et al. (2018) The Agroecosystem: Determinants, Resources, 
Processes, and Sustainability. Agroecology. CRC Press, 41–68. 

18. Adesemoye AO, Kloepper JW (2009) Plant–Microbes interactions in enhanced fertilizer-use 
efficiency. Appl Microbiol Biotechnol 85: 1–12. 

19. Garnett T, Conn V, Kaiser BN (2009) Root based approaches to improving nitrogen use efficiency 
in plants. Plant Cell Environ 32: 1272–1283. 



493 

AIMS Agriculture and Food Volume 6, Issue 2, 478–495. 

20. Reddy CA, Saravanan RS (2013) Polymicrobial multi-functional approach for enhancement of 
crop productivity. Adv Appl Microbiol 82: 53–113. 

21. Mwenda GM (2010) Diversity and symbiotic efficiency of rhizobia isolated from Embu, Kenya. 
Soil Sci Soc Am J 78: 1643. 

22. Parr MC (2014) Promiscuous soybean: Impacts on Rhizobia diversity and smallholder Malawian 
agriculture. Available from: http://www.lib.ncsu.edu/resolver/1840.16/9425. 

23. Meena RS, Yadav RS, Meena H, et al. (2015) Towards the current need to enhance legume 
productivity and soil sustainability worldwide: A book review. J Clean Prod 104: 513–515. 

24. Xiao TJ, Yang QS, Ran W, et al. (2010) Effect of inoculation with arbuscularmycorrhizal fungus 
on nitrogen and phosphorus utilization in upland rice-mungbean intercropping system. Agr Sci 

China 9: 528–535. 
25. Perez-Jaramillo JE, Mendes R, Raaijmakers JM (2016) Impact of plant domestication on 

rhizosphere microbiome assembly and functions. Plant Mol Biol 90: 635–644. 
26. Abd-Alla MH, El-Enany AWE, Nafady NA, et al. (2014) Synergistic interaction of Rhizobium 

leguminosarum bv. viciae and arbuscular mycorrhizal fungi as a plant growth promoting 
biofertilizers for faba bean (Vicia faba L.) in alkaline soil. Microbiol Res 169: 49–58. 

27. Ruiz-Lozano JM, Collados C, Barea JM, et al. (2001) Arbuscular mycorrhizal symbiosis can 
alleviate drought-induced nodule senescence in soybean mplants. New Phytol 151: 493–502. 

28. Okalebo JR, Gathua KW, Woomer PL (2002) Laboratory methods of soil and plant analysis: A 
working manual. Second Edition. TSBF-CIAT and Sacred Africa, Nairobi, Kenya. 

29. Ashworth AJ, Allen FL, Wight JP, et al. (2014) Soil organic carbon sequestration rates under crop 
sequence diversity, bio-covers, and no-tillage. SSSAJ 78: 1726–1733. 

30. Sáez-Plaza P, Navas MJ, Wybraniec S (2013) An overview of the kjeldahl method of nitrogen 
determination. Part II. Sample preparation, working scale, instrumental finish, and quality control, 
Crit Rev Anal Chemi 43: 224–272. 

31. Furseth BJ, Conley SP, Ané JM (2012) Soybean response to soil rhizobia and seed-applied 
rhizobia inoculants in Wisconsin. Crop Sci 52: 339–344. 

32. Jaetzol R, Schimdt H, Hornetz B, et al. (2006) Farm management handbook of Kenya. Vol II, 
Natural conditions and farm information. East Kenya, Ministry of Agriculture, Nairobi. 

33. Woomer PL, Huising J, Giller K, et al. (2014) N2Africa final report of the first phase: 2009–2013. 
34. Khalil S, Loynachan TE, Tabatabai MA (1994) Mycorrhizal dependency and nutrient uptake by 

improved and unimproved corn and soybean cultivars. Agron. J 86: 949–958. 
35. Somasegaran P, Hoben HJ (1985) Available from: 

https://www.ctahr.hawaii.edu/bnf/Downloads/Training/Rhizobium%20technology/Title%20Pag
e.PDF. 

36. Takács T, Cseresnyés I, Kovács R, et al. (2018) Symbiotic Effectivity of Dual and Tripartite 
Associations on Soybean (Glycine max L. Merr.) Cultivars Inoculated with Bradyrhizobium 

japonicum and AM Fungi. Front Plant Sci 9: 1631. 
37. Xie MM, Zou YN, Wu QS, et al. (2020) Single or dual inoculation of arbuscular mycorrhizal 

fungi and rhizobia regulates plant growth and nitrogen acquisition in white clover. Plant Soil 

Environ 66: 287–294. 
38. Jaiswal SK, Anand A, Dhar B, et al. (2011) Genotypic characterization of phage-typed indigenous 

soybean bradyrhizobia and their host range symbiotic effectiveness. Microb Ecol 63: 116–126. 



494 

AIMS Agriculture and Food Volume 6, Issue 2, 478–495. 

39. Muthini M, Maingi JM, Muoma JO, et al. (2014) Morphological assessment and effectiveness of 
indigenous rhizobia isolates that nodulate P. vulgaris in water hyacinth compost testing field in 
Lake Victoria basin. Br J Appl Sci Technol 4: 718–738. 

40. Phillips JM, Hayman DS (1970) Improved procedures for clearing roots and staining parasitic and 
vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Trans Br Mycol Soc 55: 
158–161. 

41. Giovannetti M, Mosse B (1980) An evaluation of techniques for measuring vesicular arbuscular 
mycorrhizal infection in roots. New Phytol 84: 489–500. 

42. Hassink J (1995) Density fractions of soil macroorganic matter and microbial biomass as 
predictors of C and N mineralization. Soil Biol Biochem 27: 1099–1108. 

43. Gajda AM, Martyniuk S, Stachyra A, et al. (2000) Relations between microbiological and 
biochemical properties of soil under different agrotechnical conditions and its productivity. Polish 

J Soil Sci 33: 55–60. 
44. Mishra V, Ellouze W, Howard RJ (2018) Utility of arbuscular mycorrhizal fungi for improved 

production and disease mitigation in organic and hydroponic greenhouse crops. J Hortic 5: 
1000537. 

45. Karunasinghe TG, Fernando WC, Jayasekera LR (2009) The effect of poultry manure and 
inorganic fertilizer on the arbuscular mycorrhiza in coconut. J Natn Sci Foundation Sri Lanka 37: 
277–279. 

46. Hunt ND, Hill JD, Liebman M (2019) Cropping system diversity effects on nutrient discharge, 
soil erosion, and agronomic performance. Environ Sci Technol 53:1344–1352. 

47. Liu XD, Feng ZW, Zhao ZY, et al. (2020) Acidic soil inhibits the functionality of arbuscular 
mycorrhizal fungi by reducing arbuscule formation in tomato roots. Soil Sci Plant Nutr 66: 275–
284. 

48. Ye GP, Lin YX, Luo JF, et al. (2020) Responses of soil fungal diversity and community 
composition to long-term fertilization: Field experiment in an acidic Ultisol and literature 
synthesis. Appl Soil Ecol 145: 103305. 

49. Sarr PS, Yamakawa T, Saeki Y, et al. (2011) Phylogenetic diversity of indigenous cowpea 
bradyrhizobia from soils in Japan based on sequence analysis of the 16S-23S rRNA internal 
transcribed spacer (ITS) region. Syst Appl Microbiol 34: 285–292. 

50. Koskey G, Mburu SW, Njeru EM, et al. (2017) Potential of native rhizobia in enhancing nitrogen 
fixation and yields of climbing beans (Phaseolus vulgaris L.) in contrasting environments of 
Eastern Kenya. Front Plant Sci 8: 443. 

51. Simbine MG, Baijukya FP, Onwonga RN (2018) Intermediate maturing soybean produce multiple 
benefits at 1: 2 maize: soybean planting density. J Agric Sci 10: 29–46. 

52. Njeru EM, Muthini M, Muindi MM, et al. (2020) Exploiting Arbuscular Mycorrhizal Fungi-
Rhizobia-Legume Symbiosis to Increase Smallholder Farmers’ Crop Production and Resilience 
Under a Changing Climate. Climate impacts on agricultural and natural resource sustainability 

in Africa. Springer, Cham, 471–488. 
53. Lodwig EM, Poole PS (2003) Metabolism of Rhizobium bacteroids. Crit Rev Plant Sci 22: 37–

38. 
54. Antunes PM (2004) Determination on nutritional and signalling factors involved in the tripartite 

symbiosis formed by arbuscular mycorrhizal fungi, Bradyrhizobium and soybean. Doctoral 
dissertation, University of Guelph. 



495 

AIMS Agriculture and Food Volume 6, Issue 2, 478–495. 

55. Mirdhe RM, Lakshman HC (2014) Synergistic interaction between arbuscular mycorrhizal fungi, 
Rhizobium and phosphate solubilising bacteria on Vigna Unguiculata (L) Verdc. Int J Bioassays 
3: 2096–2099. 

56. Antunes PM, Goss MJ (2005) Communication in the tripartite symbiosis formed by arbuscular 
mycorrhizal fungi, rhizobia and legume plants: a review. In: Zobel RW, Wright SF. (Eds), Roots 

and soil management: Interactions between roots and the soil. American Society of Agronomy, 
48: 199–222. 

57. Schneider KD, Lynch DK, Dunfielda K, et al. (2015) Farm system management affects 
community structure of arbuscular mycorrhizal fungi. Appl Soil Ecol 96: 192–200. 

58. Abbott L, Robson A, Jasper DA, et al. (1992) What is the role of VA mycorrhizal hyphae in soil? 
In: Read DJ. (Ed), Mycorrhizas in ecosystems. Wallingford: CAB International, 37–41. 

59. Thonar C, Frossard E, Smilauer P, et al. (2014) Competition and facilitation in synthetic 
communities of arbuscular mycorrhizal fungi. Mol Ecol 23: 733–746. 

60. Tabassum B, Khan A, Tariq M, et al. (2017) Bottlenecks in commercialisation and future 
prospects of PGPR. Appl soil Ecol 121: 102–117. 

61. de Paiva Barbosa L, Costa PF, Ribeiro PRA, et al. (2017) Symbiotic efficiency and genotypic 
characterization of variants of Bradyrhizobium spp. in commercial inoculants for soybeans. Rev 

Bras Ciênc Do Solo 41. 
62. Oruru MB, Njeru EM, Pasquet R, et al. (2018) Response of a wild-type and modern cowpea 

cultivars to arbuscular mycorrhizal inoculation in sterilized and non-sterilized soil. J Plant Nutr 
41: 90–101. 

63. Ouma EW, Asango AM, Maingi J, et al. (2016) Elucidating the potential of native rhizobial 
isolates to improve biological nitrogen fixation and growth of common bean and soybean in 
smallholder farming systems of Kenya. Int J Agron 2016: 4569241. 

64. Miransari M (2011) Arbuscular mycorrhizal fungi and nitrogen uptake. Arch Microbiol 193:77–81. 
65. Upadhayay VK, Singh J, Khan A, et al. (2019) Mycorrhizal mediated micronutrients 

transportation in food based plants: A biofortification strategy. Mycorrhizosphere and 

pedogenesis. Singapore: Springer, 1–24. 
66. Finlay RD (2008) Ecological aspects of mycorrhizal symbiosis: With special emphasis on the 

functional diversity of interactions involving the extraradical mycelium. J Exp Bot 59: 1115–1126. 
67. Sofi MN, Bhat RA, Rashid A, et al. (2017) Rhizosphere Mycorrhizae communities an input for 

organic agriculture. Mycorrhiza-Nutrient Uptake, Biocontrol, Ecorestoration. DOI: 10.1007/978-
3-319-68867-1. 

© 2021 the Author(s), licensee AIMS Press. This is an open access 
article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/4.0) 


