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Globally, the increase in human population continues to threaten the sustainability of agricultural systems. Despite the fast-growing population in Sub-Saharan Africa (SSA) and the efforts in improving the productivity of crops, the increase in the yield of crops per unit area is still not promising. The productivity of crops is primarily constrained by inadequate levels of soil nutrients to support optimum crop growth and development. However, smallholder farmers occasionally use fertilizers, and the amount applied is usually small and does not meet plant requirements. This is due to the unaffordability of the cost of fertilizers, which is enough to suffice the crop requirement. Therefore, there is a need for alternative affordable and effective fertilization methods for sustainable intensification and improvement of the smallholder farming system's productivity. This study was designed to evaluate the symbiotic performance of indigenous soybean nodulating rhizobia in selected agricultural soils of Tanzania. In total, 217 rhizobia isolates were obtained from three agroecological zones, i.e., eastern, northern, and southern highlands. The isolates collected were screened for N2 fixing abilities under in vitro (nitrogen-free medium) and screen house conditions. The results showed varying capabilities of isolates in nitrogen-fixing both under in vitro and screen house conditions. Under in vitro experiment, 22% of soybean rhizobia isolates were identified to have a nitrogen-fixing capability on an N-free medium, with the highest N2-fixing diameter of 1.87 cm. In the screen house pot experiment, results showed that soybean rhizobia isolate significantly (P < 0.001) influenced different plant growth and yield components, where the average shoot dry weight ranged from 2.49 to 10.98 g, shoot length from 41 to 125.27 cm whilst the number of leaves per plant ranged from 20 to 66. Furthermore, rhizobia isolates significantly (P = 0.038) increased root dry weight from 0.574 to 2.17 g. In the case of symbiotic parameters per plant, the number of nodules was in the range of 0.33–22, nodules dry weight (0.001–0.137 g), shoot nitrogen (2.37–4.97%), total nitrogen (53.59–6.72 g), and fixed nitrogen (46.878–0.15 g) per plant. In addition, the results indicated that 51.39% of the tested bacterial isolates in this study were ranked as highly effective in symbiosis, suggesting that they are promising as potential alternative biofertilizers for soybean production in agricultural soils of Tanzania to increase productivity per unit area while reducing production cost.
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1. Introduction

The human population is rapidly growing with an estimate of around 9.7 billion people worldwide by 2050 (Vollset et al., 2020; Giller et al., 2021). Based on the study by Giller et al. (2021), the global governments' focus on human fertility and efforts to reduce mortality rates and food shortages have been the drivers for rapid population growth. While the world is realizing rapid population growth, the increase is higher in Sub-Saharan Africa (SSA), with an estimated 3.1 billion people in 2100 compared to 2.4 billion people in 2021 (Giller et al., 2021). The growth in the global human population exceeds the food required in terms of quantities produced, availability, and accessibility not only due to a decrease in fertile, available arable land for food production, which is utilized for the construction of modern infrastructures but also due to the vulnerability of food systems to climate change (Sorvali et al., 2021; Sadigov, 2022), with water and energy becoming the limiting factors (Nassary et al., 2020). At the same insight, global food production needs to be increased by 70% by 2050 to meet the food demand of 9.5 billion people (Kopittke et al., 2019; Wolde et al., 2021). To ensure food security in terms of quantity produced, accessibility, availability, and nutrients, the agricultural output needs to be optimized to meet the global rise in food demand (Aloo et al., 2021; Nakei et al., 2022).

Soybean (Glycine max) is among the common nutritious and high-value leguminous crops grown worldwide. The value of the crop is due to its high protein and oil content. Globally, soybean production covers about 6% of arable land and 50% of legume-growing areas. In different countries of Africa, mostly in Sub-Saharan Africa (SSA), including Tanzania soybean is grown (Wilson, 2013; Santos, 2019; Vanlauwe et al., 2019). In Tanzania, the crop has recently gained popularity and attention due to its nutritional value for human consumption and animal feeds, as well as higher global market demand (Chianu and Mairura, 2019). Soybean is among the leguminous crops which is important for food production and the improvement of agricultural systems. However, soybean productivity in SSA is not promising (Snapp et al., 2018). The low productivity is mainly due to soil fertility depletion caused by continuously growing and harvesting crops, which leads to inadequate levels of nutrients for optimum crop growth for optimum yield (Parveen et al., 2019). For instance, soybean production is estimated to be 1.1 tons/ha in SSA compared to 2.4 tons/ha at the global level.

Nitrogen is the first and most important plant-limiting element in agricultural soils and its deficit is usually remedied mainly by synthetic nitrogenous fertilizers (Simon et al., 2015). In SSA, smallholder farmers are the major producers of food crops, including legumes. Attaining higher crop yield under intensive and smallholder farming systems requires adequate levels of fertilizers to suffice the crop requirement for growth and development due to significant reduction in plant nutrients in agricultural soils as a result of continuous cropping and soil erosion (Elkoca et al., 2015). Smallholder farmers rarely use fertilizers due to the higher cost associated with synthetic fertilizers (Simon et al., 2015). The extensive and indiscriminate use of these artificial N-fertilizers has been linked to environmental pollution and consumer health concerns (Elkoca et al., 2015). Biological nitrogen fixation (BNF), a naturally occurring process, can supply an appreciable quantity of nitrogen to the soil. Biofertilizers made from the BNF process, especially involving native strains, have been reported to be the most effective, cheap, and environmentally friendly (Pirbalouti et al., 2006; Komarek et al., 2017). Leguminous crops largely depend on BNF symbiotic association with rhizobia for fixing nitrogen (Simon et al., 2015).

Soybeans (Glycine max), like other legumes, establish symbiotic relationships with rhizobia to form nodules in their roots, leading to the BNF process. Rhizobia play a fundamental role in N supply to ecosystems through their ability to fix N in symbiosis with legumes and promote the growth of plants as well as increase the productivity of crops (Peoples et al., 2009). This can be witnessed through several notable efforts to increase the productivity of soybean through the use of biofertilizers as an alternative source of nitrogen by some key joint research projects including N2AFRICA, administered by the International Institute of Tropical Agriculture (IITA) under the Consultative Group on International Agricultural Research (CGIAR) (Vanlauwe et al., 2019). Other notable efforts are made by different national research institutions, universities, national soybean improvement programs, and private sectors (Khojely et al., 2018). Through effective symbiosis, soybean annually can fix about 16.4 Tg of N from the atmosphere, about 77% of the total amount of N fixed by legumes (Hartman et al., 2011). Despite having the ability to associate symbiotically with rhizobia to fix nitrogen, soybean associates with a narrow diversity of symbiotically effective rhizobia to fix nitrogen and the efficiency of nitrogen fixation differs with the type of rhizobia species (Nakei et al., 2022). In the areas where the soybean is grown without inoculation with biofertilizers, the nodulation reports have been poor (Agoyi et al., 2017). The inoculation of soybean with symbiotically effective rhizobia results in effective nodulation and N2-fixation; however, newly introduced rhizobia are observed to be outcompeted by well-adapted indigenous rhizobia, which are ineffective in N2-fixation (Ampomah et al., 2008; Mathu et al., 2012; Kim et al., 2014). More effort is required for the isolation of effective indigenous rhizobia and commercialization to produce biofertilizers for easy accessibility and availability to smallholder farmers to enhance the sustainable productivity of soybean in Tanzania and SSA in general.

Despite the adaptation and competitiveness of indigenous rhizobia over commercial strains (Ampomah et al., 2008; Mathu et al., 2012; Kim et al., 2014), the competition is linked to environmental conditions, motility, production of different compounds, and phytohormones, yet, it is difficult to define the genetic basis of competitiveness (Vanlauwe et al., 2019). Although there are commercial strains, such as B. diazoefficiens USDA 110, which can fix nitrogen in a wide range of soils, their assurances still need careful on-farm trials in different soil types, including those with extreme acidic, salinity, and alkalinity. For this case, the use of indigenous rhizobia biofertilizer formulations is gaining the attention of different researchers to obtain indigenous strains of rhizobia that can effectively fix nitrogen in a wide range of soils, as well as the most effective ones in soils with extreme abiotic stresses. The availability of commercialized indigenous rhizobia species will provide easy accessibility to smallholder farmers for sustainable intensification of soybean productivity in their farming systems. The present study focused on isolating indigenous rhizobia from different soils of Tanzania that form symbiotic nodules with a specific soybean variety (Uyole IV) and testing their effectiveness under controlled conditions. The findings of this study enrich the knowledge that the researchers could tap into for the benefit of further studies on searching for the most effective indigenous rhizobia species and even the prospect of site-specific strains, especially those exposed to abiotic stresses.



2. Materials and methods


2.1. Description of the study area

The present study included isolates from nine regions (Iringa, Njombe, Ruvuma, Songwe, Rukwa, Mbeya, Morogoro, Arusha, and Kilimanjaro) of Tanzania and from mainly three agroecological zones. The isolates were collected from major soybean growing regions in the southern highlands zone (Iringa, Njombe, Ruvuma, Songwe, Rukwa, and Mbeya) of Tanzania. This zone is located between latitudes 7°C and 11.5°C S and longitudes 30°C and 38°C E with an elevation ranging from 302 to 2,925 m above sea level (m.a.s.l.). Rainfall is unimodal, falling from November to May with an annual rainfall of 1,650 mm and dry periods ranging from June to September (Mfwango et al., 2018). The mean annual temperature ranges from 7 to 32.2°C. The eastern zone included the Morogoro region, located between latitudes 5° and 9° S and longitudes 35° and 38° E. The mean annual temperature ranges from 15 to 32°C and the average annual rainfall is around 740 mm (Kacholi, 2020). The northern zone, Arusha, and the Kilimanjaro regions were included in the present study. Arusha region lies between latitudes 1 and 4°S and longitudes 34 and 37°E with an average annual rainfall of 873 mm. In contrast, the temperature ranges from 12.1 to 28.8°C. Kilimanjaro region lies between latitudes 2 and 4°S and longitudes 36 and 38°E. The average annual rainfall in the Kilimanjaro region ranges between 700 and 2,000 mm, and the temperature ranges from 12.5 to 27°C. The description of sampling sites in terms of altitudes is presented in Figure 1.


[image: Figure 1]
FIGURE 1
 The map showing maximum and minimum elevations of the regions where soils and nodules were sampled.




2.2. Nodules collection and isolation of rhizobia from root nodules

The study sites and the sampling location map were generated using QGIS 3.14.0 software (Figure 2). The collection of nodules was conducted during cropping seasons. In each region, three districts were selected, where three villages in each district were selected, and one field was selected for the collection of nodules in each village. Three plants with nodules at 50% flowering stage were randomly collected from each field, making a total of 243 plants, and treated as separate samples (Somasegaran and Hoben, 2012; Abrar and Letebo, 2017). The roots were cut at the crown level, kept in an icebox (around 4°C), and transported to the laboratory at Nelson Mandela African Institution of Science and Technology (NM-AIST), Arusha, Tanzania, for isolation, testing of effectiveness, and identification of effective rhizobia strains.


[image: Figure 2]
FIGURE 2
 Map showing nodules sampling fields in different regions of Tanzania (SHZ-Southern Highland Zone, EZ-Eastern Zone, and NZ-Northern Zone).


Before isolation of nodules, the media, Yeast Extract Mannitol Agar (YEMA), was prepared by adding 0.5 g of dipotassium phosphate (K2HPO4), 0.2 g of magnesium sulfate (MgSO4.7H2O), 0.1 g of sodium chloride (NaCl), 1 g of calcium carbonate (CaCO3), 0.5 g of yeast extract powder, 10 g of mannitol, 15 g of agar bacteriological, and 0.025 g of Congo red in 1 L of distilled water. The pH of the media was adjusted to 7.0, which is optimum for the growth of rhizobia (Legesse, 2016), and the medium was sterilized by an autoclave at 15 pound-force per square inch (lbs) and 121°C for 15 min.

For isolation, nodules from each plant were detached from the roots and surface-sterilized in 70% ethanol for 30 s, followed by 1% sodium hypochlorite (NaClO) for 30 s and rinsed five times by using sterilized distilled water to remove the adhering sterilizing agents. From the sterilized nodules, one active nodule was selected by dissecting the nodules using a sterile surgical blade to observe the pinkish-red color as the indicator of leghemoglobin presence. Approximately 243 nodules were selected for the isolation of rhizobia. All the selected nodules were crushed separately with sterile toothpicks (Res, 2013) in sterile Eppendorf tubes containing 0.5 μL of 0.9% sodium chloride (NaCl) solution to obtain a milky suspension (Yuan et al., 2016). The suspension was streaked on a solidified YEMA medium; then, the plates were incubated at 28°C for 7 days (Abrar and Letebo, 2017). The plates were placed in an inverted position to avoid contamination by condensation of water. Bacterial growth on plates was observed every day after incubation for 7 days. Pure single colonies were then picked and then used for the N2 fixation test, both under in vitro and screen house conditions.



2.3. In vitro screening for N2 fixation test on solid N-free media

The intrinsic BNF ability of soybean nodulating rhizobia isolates was established on solid N-free media (NFM) in the in vitro assays before the screen house experiment. The NFM was prepared following the procedure described by Baldani et al. (2014). Then, the medium was sterilized using an autoclave at 1.05 kg/cm2 pressure and a temperature of 121°C for 15 min. After sterilization, the medium was left to cool to about 50°C and then poured aseptically into sterile Petri dishes and left to solidify. After solidification, the pure rhizobial cultures were spot-inoculated on the medium. Each culture was considered as a treatment, the inoculation of each treatment was done in triplicates, and a non-inoculated plate was maintained as a control. The cultures were incubated at 28 ± 2°C for 7 days. After 7 days, the colony diameter and the yellow-colored zone around each colony were measured using a ruler and the values were recorded (Akintokun et al., 2019). The color changes in the media were observed to distinguish slow and fast growers.



2.4. Assessing the symbiotic effectiveness of isolates in the glass house

For the assessment of the symbiotic effectiveness of rhizobia in the screen house, the soil samples for the pot experiment were collected from the uncultivated area near the NM-AIST farm, and the fertility status was evaluated for its suitability to support rhizobia activities and growth of soybean plants. Three soil samples were taken from three spotted locations depending on the color of the soil because the area was too small. For each spotted location, about 1,000 g of soil samples were collected from 0 to 30 cm depth. Then, one composite soil sample was prepared by mixing three soil samples and removing the roots and crumbs. Prior to laboratory analysis, the soil was air-dried and sieved through a 2-mm mesh. The soil organic carbon was characterized by Walkley-Black's wet digestion (oxidation) method as described by Nelson and Sommers (1982). Soil pH was measured electrochemically in 1:2.5 (w/v) soil using the water suspensions potentiometric method previously described by Thomas (1982). Total nitrogen was determined by the micro-Kjedahl digestion–distillation method described by Motsara and Roy (2008). Extractable P was determined using the Bray 1 procedure because the soil sample had a pH of <7 (Bray and Kurtz, 1945). Cation exchange capacity was measured at pH 7 with 1 M ammonium acetate (NH4OAc), and exchangeable cations K+ and Na+ were determined by flame photometer. In contrast, Ca2+ and Mg2+, as well as micronutrients iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn), were determined by atomic absorption spectrophotometer (Thomas, 1982; Motsara and Roy, 2008). Moreover, the exchangeable sodium percentage (ESP) was calculated by dividing exchangeable Na by CEC (× 100) (Msanya, 2012). The ratings of physico-chemical parameters were based on the compilation of Motsara and Roy (2008).

For the pot screen house experiment, soybean seeds were sterilized with 70% ethanol for 1 min and soaked in 0.25% NaClO solution for 3 min. Then, the seeds were washed with distilled water five times before sowing to remove the disinfectants (Youseif et al., 2014). The seeds were aseptically transferred into a sterile Petri dish containing 1% water with tissue paper and allowed to germinate for 3 days at 25°C (Yuan et al., 2016). Then, the soil for growing crops was sterilized by oven drying. The germinated seeds (sprouts) were planted in 2-L plastic pots containing sterilized soil (oven dried at 70°C for 48 h (Sinegani and Hosseinpur, 2010). One germinated seed was planted per pot, and the pots were arranged in a complete randomized block design with three replicates. Each seedling was inoculated with 1 ml of 3-day-old rhizobia cultures, whereby the cells were calibrated to 109 ml−1 using a Macfarland scale at an optical density (OD) of 540 nm (Youseif et al., 2014). One positive control (commercial inoculum) and two negative controls (non-inoculated plants) and urea fertilizers at a recommended rate of 20 kg N/ha (Senkoro et al., 2017) were used as a comparison for the test cultures. All plants were given equal treatments by watering with nitrogen-free nutrient solution. The solution composition was CaCl2.2H2O 294 g/l, MgSO4.7H2O 123.3 g/l, KH2PO4 136.1 g/l, and K2SO4 87 g/l for macronutrients. Furthermore, Fe-citrate 6.7 g/l, MnSO4.H2O 0.338 g/l, H3BO3 0.247 g/l, ZnSO4.7 H2O 0.288 g/l, CuSO4.5 H2O 0.1 g/l, COSO4.7H2O 0.056 g/l, and Na2MoO4.2H2O 0.048 g/l were used for supplementation of trace nutrient elements (Maingi and Shisanya, 2006).

At 50% flowering (42 days after sowing), the plants were harvested to assess the presence of nodules in the roots. The isolates that managed to nodulate were proven as soybean-specific rhizobia. To collect the data for above-ground biomass, the shoots were collected by cutting the plants at the ground level. The shoots were placed in paper bags and dried at 70°C for 48 h, as described by Legesse (2016), and their dry weights were recorded. The soil particle and the roots, which adhered to the detached nodules during the uprooting of plants, were separated by sieving through a 0.76-mm mesh and then washed gently with running tap water to clean the nodules and the roots completely. The roots were dried the same way as the shoots, all the nodules collected for each plant were counted, and their dry weight was determined in the same manner as the shoots and roots. The N concentration in the shoot was determined by using a micro-Kjedahl digestion–distillation method (Motsara and Roy, 2008). Total nitrogen (TN) and fixed nitrogen (FN) values per plant were calculated in above-ground biomass as shown in Equations 1 and 2 (Elkoca et al., 2015).
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The percentage increase/decrease in response/dependent variables was calculated from rhizobial treatments named Tanzania Soybean Rhizobia (TZSR) to compare the differences in inoculated, N-fertilized, and non-inoculated plants using Equation 3.

[image: image]

The accumulation of shoot dry matter (DM) as the relative percentage of symbiotic effectiveness (S.E.) of isolates was calculated as shown in Equation 4. Nitrogen fixation was rated as highly effective > 85%, effective 55–85%, lowly effective 35–54%, and ineffective <35% as described by Legesse (2016).
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2.5. Statistical data analysis

Different statistical methods were applied to analyze the collected data in terms of its distribution and correlation among the studied parameters. Data of all the collected nodules were statistically analyzed by R-software version 4.1.0, GenStat 15th Edition, and Jamovi version 2.3.2.0. The statistical difference for in vitro N2 fixation test, among plant growth, yield components, and symbiotic traits, within and between the isolates was determined by one-way analysis of variance (ANOVA) following the factor effect model as shown in Equation 5. Tukey's-HSD multiple comparison test at a threshold of 5% in GenStat 15th Edition was conducted to separate mean values among replications of the in vitro N2 fixation test, plant growth, yield components, and symbiotic traits. Irrespective of the sample collection sites, some of the isolates did not show symbiosis with the rhizobia strains; hence physiographic effect was excluded from the analysis. Therefore, only one factor, the isolates (i.e., 47 isolates) that were capable of fixing nitrogen, was considered as the fixed main effect whereas replicates were treated as the random effect.

[image: image]

where Yi is the observed response variable in the ith factor; μ is the overall (grand) mean; αi is the main effect of the factor isolates; εi is the random error associated with the observation of the response variable in the ith factor.

To understand the relationship among studied parameters for the tested isolates, Pearson correlation matrix analyses for nodulation, growth, and yield components were performed using Jamovi software version 2.3.2.0. The trends in N2 fixation traits were generated by using R-software version 4.1.0 Simpson (2015).




3. Results


3.1. In vitro nitrogen fixation abilities of soybean nodulating rhizobia isolates on solid nitrogen-free medium

About 217 rhizobia isolates were obtained from 243 nodules collected from different farmers' fields. The isolates were grown on NFM to test their abilities to fix nitrogen. Only 47 isolates (22%) were capable of growing on NFM as an indication of nitrogen fixation, and a change in the color of media from blue to yellow, indicating that the isolates are fast-growing rhizobia (Figure 3), was observed. The diameter of their nitrogen fixation zones on NFM varied significantly (P = 0.001) among 47 isolates (Figure 4), with an average of 1.23 cm. The largest N2 fixation zone was observed in TZSR27A (1.87 cm), closely followed by TZSR25A (1.6 cm), and TZSR39C, TZSR41B, and TZSR56C, all of which had a fixation zone of 1.53 cm. At the same time, the smallest diameter (0.8 cm) was observed in TZSR35C, TZSR48B, TZSR67A, and TZSR72B.


[image: Figure 3]
FIGURE 3
 Yellow zones on solid nitrogen-free medium [(A) Color changes from blue to yellow, (B) Yellow zones around the rhizobia colony].



[image: Figure 4]
FIGURE 4
 Nitrogen fixation zones of different rhizobia isolates on solid nitrogen-free medium (bars with different letters are statistically significantly different at P < 0.05).




3.2. The physicochemical properties of the soil used for the potting experiment

The physicochemical properties of the soil used for the pot experiment were evaluated and the results are presented in Table 1. The soil was sandy clay loam in texture, with soil reaction ranging from slightly acid (pH = 6.4 in CaCl2) to neutral (pH = 6.6 in water). The percentage of organic carbon (OC) and total nitrogen were 3.2 and 0.36%, rated as very high and medium, respectively. The levels of extractable phosphorus (83.95 mg kg−1) and micronutrients, such as zinc (8.09 mg kg−1), manganese (10.96 mg kg−1), and iron (10.53 mg kg−1) were very high while that of copper (2.28 mg kg−1) was high. Exchangeable bases, such as calcium [14.05 cmol(+) kg−1] and magnesium [3.12 cmol(+) kg−1] were very high, while potassium [0.4 cmol(+) kg−1] was medium and sodium [0.089 cmol(+) kg−1] was very low. In addition, the cation exchange capacity [CEC; 19.12 cmol(+) kg−1] of the experimental soil was medium.


TABLE 1 Physicochemical parameters of an experimental soil.
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3.3. Nodulation and plant growth, shoot N, N-fixed, and symbiotic effectiveness

Rhizobia isolates were inoculated on soybean seedlings to assess their effects on plant growth parameters, as presented in Table 2, and the formation of symbiotic nodules and the modification of root system architecture in Figures 5A, B. There was a significant (P < 0.001) difference in the number of leaves, shoot length, nodules number, nodules dry weight, shoot dry weight, and total plant dry weight among the tested rhizobia isolates. Root dry weight differed significantly (P = 0.038) while there was a non-significant (P = 0.081) difference in root length among the rhizobia isolates. The highest nodule number per plant (22) was recorded in plants inoculated with isolated TZSR25B, whilst the lowest (0.33) was recorded in those inoculated with isolate TZSR34A. The highest nodule dry weight of 0.137 g was observed in plants inoculated with isolate TZSR41A whilst the lowest (0.001 g) was observed in those inoculated with isolate TZSR34A. The plants inoculated with TZSR41A also recorded the highest shoot dry weight of 10.98 g, corresponding to a 75.82% increase above the control (non-inoculated plants).


TABLE 2 Growth and yield components of soybean as affected by inoculation with rhizobia isolates.
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FIGURE 5
 Effective soybean nodules and the root form of inoculated and un-inoculated plants [(A) Effective nodules, (B) root of inoculated plant having nodules, (C) root of un-inoculated plant, which did not form nodules].


On the other hand, the lowest shoot dry weight of 2.49 g, corresponding to −4.73% over un-inoculated plants, was observed in plants inoculated with isolate TZSR21C. Interestingly, the highest root dry weight of 2.17 g corresponding to a 92.49% increase over un-inoculated plants was observed in plants inoculated with isolate TZSR69B, which had very few nodules, 1.33 per plant, but higher root density (Figure 5C). Conversant to this, the plants inoculated with isolate TZSR27B had the lowest average root dry weight, 0.574 g, which is 75.28% higher than un-inoculated plants but having many nodules, about 16.67 per plant.

The largest average total plant dry weight, 12.36 g corresponding to 73.95%, was observed in plants inoculated with isolate TZSR26B with the lowest 3.626 g corresponding to 11.22 % in rhizobia in those inoculated with isolate TZSR21C. The plants inoculated with rhizobia isolate TZSR41A yielded the highest average shoot length, 125.27 cm, corresponding to a 68.19 % increase over un-inoculated control plants. On the other hand, the lowest shoot length of 41 cm, corresponding to a 24.70% increase over un-inoculated plants, was observed in the plants inoculated with isolate TZSR34A. The largest number of leaves, 66 per plant, corresponding to 63.48%, was recorded in plants inoculated with isolate TZSR39B, while the lowest, 20, corresponding to a 52.38% increase, was observed in those inoculated with isolate TZSR39C. Interestingly, the highest root length of 43 cm corresponding to a 27.14% increase was recorded in plants inoculated with isolate TZSR40B whilst the lowest root length, 23.67 cm, corresponding to 22.4% lesser than un-inoculated plants, was recorded in plants inoculated with isolate TZSR63A.

Interestingly, the plants inoculated with two isolates, TZSR39C and TZSR41A, were observed to have consistently higher values for most of the studied plant growth and yield components except for root length and dry weight. On average, inoculated plants performed better than non-inoculated plants. Moreover, compared with positive control treatments, legume fix, and urea, rhizobia isolates performed better on average for all the tested parameters except for plant height and root dry weight, which was higher in plants where urea was applied. Surprisingly, three-quarters (19) of tested isolates (47) performed better than the legume fix except for shoot dry weight. However, half of the isolates performed better than urea except for root dry weight, in which 11 out of 47 isolates were better than urea.

Inoculation of soybean seedlings with rhizobia significantly (P < 0.001) increased shoot concentration of N, total N, fixed N, and symbiotic effectiveness of N (Table 3). The highest N concentration of 4.97% was recorded in plants inoculated with isolate TZSR27B; the lowest, which was 2.37 %, was recorded in those inoculated with isolate TZSR37B. Conversely, inoculation of plants with rhizobia isolates TZSR41A yielded higher averages of total and fixed N levels of 53.59 and 46.878 g, respectively. The lowest level of total N (6.72 g) was recorded in the un-inoculated treatment (NC-0), whereas that of fixed N (0.15 g) was recorded in plants inoculated with isolate TZSR36C. Surprisingly, the plants inoculated with isolates TZSR25A, TZSR27B, and TZSR41A that have the highest fixed N are those with the highest shoot concentration of N and total N. Among the tested, 47 rhizobia isolates, 25 equivalents to 53% isolates were highly effective in symbiosis, 18 (38%) were effective, and 4 (9%) were lowly effective in symbiosis. In addition, among the isolates which are highly effective in symbiosis, TZSR25A (245.46 %) and TZSR26B (242.40 %) were ranked high in symbiotic effectiveness (Table 3).


TABLE 3 Shoot N, fixed N, phosphorus, and symbiotic effectiveness of soybean with rhizobia isolates inoculation.
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3.4. Relationship for nodulation and plant growth and trends in N2 fixation traits

The results indicated that nodulation (nodule numbers and dry weight) influenced different plant growth and yield components and interactions between various components (Table 4). There was a positive and significant (P < 0.001) correlation of total plant dry weight with shoot length, number of leaves, shoot dry weight, root dry weight, number of nodules, and nodules dry weight. Nodule dry weight was positively and significantly (P < 0.001) correlated with shoot length, shoot dry weight, and nodule numbers. Conversely, there was a positive and significant correlation (P = 0.004) of nodule dry weight with the number of leaves. There was a positive and significant (P < 0.001) correlation of nodule numbers with shoot length and shoot dry weight and number of leaves (P = 0.007). A significant positive correlation (P < 0.001) was found in shoot dry weight with shoot length and the number of leaves. Moreover, root length was significantly (P = 0.011) correlated with the number of leaves. Furthermore, shoot length had a significantly (P < 0.001) positive relationship with the number of leaves.


TABLE 4 Pearson correlation matrix for nodulation parameters (nodule number and dry weight), plant growth (root and shoot dry weight).

[image: Table 4]

A correlation analysis was performed across symbiotic traits identifying their relationships and strength in predicting SNF. All the symbiotic traits had positive significant (P < 0.001) correlations in predicting SNF at the flowering stage (Figure 6). The study found a significant positive correlation for nodule numbers with shoot dry weight (r = 0.5186), percentage plant N (r = 0.5465), fixed N (r = 0.5622), and total N (r = 0.5633). For the case of nodules dry weight, there was a significant relationship between nodules dry weight and shoot dry weight (r = 0.4732), percentage plant N (r = 0.6157), fixed N (r = 0.5637), and total N (r = 0.5617).


[image: Figure 6]
FIGURE 6
 Trends analysis plots for SNF-related traits (*** significant at 0.001; n = 150, P < 0.001). N, Nitrogen; DW, Dry weight.





4. Discussion


4.1. In vitro N2 fixation in nitrogen-free medium

The findings of this study demonstrate the wide variability in the tested indigenous rhizobial isolates' capacity to fix nitrogen on NFM. The varied capacities of rhizobia isolates in N2 fixation are indicated by the difference in the diameter of the N2 fixation zones (Aloo, 2021). The media color around the rhizobia colonies changes from blue to yellow due to the production of acidic metabolites during their growth on NFM (Baldani et al., 2014; Akintokun et al., 2019), which also indicates that the tested rhizobia are fast growers (Purwaningsih et al., 2021). Although there was no statistical significance between TZSR27A, TZSR25A, and the three isolates TZSR39C, TZSR41B, and TZSR56C, but the best isolate, TZSR27A, in terms of larger diameter of N2 fixation zone ~1.87 cm on NFM, would be considered highest, based on previous studies on different types of rhizobia species (Aloo et al., 2021).



4.2. Experimental soil's ability to support rhizobia and growth of soybeans

Soil health, especially soil fertility, is an important factor in the success of the biological nitrogen fixation process. Soil reaction and nutrient availability are among the components of soil fertility, which accounts for the effectiveness of the BNF process. Soil reaction (soil pH) determines the suitability of the given soil for certain rhizobia species. In contrast, different nutrients in the soil have different functions in ensuring the success of the BNF process (Nakei et al., 2022). Before authentication of the abilities of different rhizobial isolates under screen house conditions, different physicochemical characteristics of experimental soil were analyzed. The soil belonged to medium texture, Sandy clay loam (SCL), which is favorable for nodulation compared with heavy and light textured soils (Ali, 2016). The soil reaction of an experimental soil ranged from slightly acidic to neutral soil pH. This describes its suitability for most microbial populations and activities and is ideal for the availability of macronutrients and solubility of micronutrients that support plant growth and development (Zaharan, 1999; Giller, 2001; Zhang et al., 2018). The very high percentage of soil organic carbon and medium total nitrogen determined in this study suggests that the soil was well-enriched with organic matter contents (Giller, 2001). For rhizobial activities, a higher carbon level is important in providing energy, while a medium nitrogen level is sufficient for the biological nitrogen fixation process (Liu et al., 2018; Wang et al., 2020).

A very high level of available phosphorus determined in our experimental soil indicates its sufficiency for energy acquisition, storage, and utilization in the N2 fixation process by the plant (Mmbaga et al., 2014; Abebe, 2017). Higher levels of micronutrients Zn, Mn, and Fe and a higher level of Cu signify the availability of these nutrients for plant uptake as well as serving various functions in the SNF process (González-Guerrero et al., 2014; Kasper et al., 2019). A higher level of zinc is crucial for plants and rhizobia during the SNF process for enhancing the expression of superoxide dismutase required during nodule development (Rubio et al., 2007). Manganese is involved in the initial stages of root colonization by rhizobia through the mediation of rhizobial lectin in binding to the root hair tips; its extreme levels enhance the formation of many symbiotic nodules and hence a more fixed amount of nitrogen (González-Guerrero et al., 2014). Extreme iron levels will facilitate the N2 fixation process because iron is a component of the nitrogenase enzyme and a cofactor for other proteins (cytochromes and leghemoglobin) inside the nodule (Bonilla and Bolaños, 2009). The observed higher level of Cu is crucial for promoting N2 fixation per nodule and raising the levels of N in plant tissues because copper is a member of the cytochromes that mediate energy transduction in bacteroids (Rubio et al., 2007; González-Guerrero et al., 2014).

Exchangeable bases, especially Ca, Mg, and K serve different important roles in soils for rhizobia activities as well as the growth and development of plants. The observed higher level of calcium is important in promoting the abundance of rhizobia and the development of roots, enhances the attachment of rhizobia to root hairs, root infection by rhizobia, and hence nodulation (Miwa et al., 2006; Bonilla and Bolaños, 2009; Capoen et al., 2009; Debona et al., 2017; Dabessa et al., 2018). Magnesium is a co-factor for urease and nitrogenase enzymes (Cakmak and Yazici, 2010; Gransee and Führs, 2013), and its involvement in the stabilization of cell membrane, nucleic acids, and ribosomes of the rhizobia (O'Hara, 2001) will increase the formation of the nodule (Kiss et al., 2004; Ramesh and Winkler, 2010; Peng et al., 2018). Moreover, the observed higher level of potassium will help in the regulation of water by the plant and influence the growth of roots, increasing the chances of infection by rhizobia and hence nodulation (Youssef et al., 2001; Wakeel et al., 2011; Mfilinge et al., 2014). In addition, the cation exchange capacity of an experimental soil was medium, suggesting a balance of the soil's exchangeable bases and acid, forming cations, Al3+ and H+ (de Borja Reis et al., 2021). Exchangeable sodium is very low; however, sodium is required in very small amounts in soil for SNF to avoid salinity stress. Its role in the soil can be replaced by the presence of potassium (Bonilla and Bolaños, 2009; Wakeel et al., 2011).



4.3. Nodulation and plant growth promotion by rhizobia isolates

The significant difference observed in the number of nodules and nodules' dry weight indicates the different abilities of rhizobia in forming symbiotic nodules (Gebrehana and Dagnaw, 2020). Nodulation, especially nodules' dry weight, is an important parameter in determining the competency of rhizobia in fixing nitrogen. Moreover, the composition of nodules, including bacteroids (N2 fixing rhizobia), proteins, enzymes, and nutrients, determines the dry weight of nodules as demonstrated by different isolates in this study. Different components perform different functions to ensure a successful and efficient N2 fixation process (Schwember et al., 2019). However, nodule numbers may not exactly determine the extent of N2 fixation when they miss some components such as leghemoglobin responsible for the supply of oxygen to bacteroids inside the nodules (Ott et al., 2005; Thilakarathna and Raizada, 2017). However, many nodules with higher nodule dry weight are an indication of effective symbiotic nodulation and host specificity (Alam et al., 2015; Gebrehana and Dagnaw, 2020). Similarly, in this study, the plants were inoculated with some isolates, and among them, TZSR41A had many nodules with the highest nodule dry weight. However, in this study, the shoot dry weight observed in plants inoculated with isolate TZSR21C was −4.73%, lesser than un-inoculated plants, which may be attributed to the modification of root system architecture by the inoculated rhizobia (Concha et al., 2020), which formed non-symbiotic nodules, hence, reducing the chances of nutrients uptake which affected the growth of shoot. Furthermore, the highest shoot dry weight and shoot length for a particular isolate suggest its effectiveness in N2 fixation (Hungria and Vargas, 2000; Alam et al., 2015; Schwember et al., 2019).

In this study, the root dry weight differed significantly while there was a non-significant difference in root length among the rhizobia isolates. However, the lack of significant difference in root length may be attributed to the regulation of the growth of roots and modification in root system architecture by rhizobia during root infection and nodule formation (Concha et al., 2020). Furthermore, the reduced need of exploiting nutrients results in reduced root length, as the nutrients are made available around the rhizosphere either through fixed N or through solubilization of other nutrients. Root growth regulation and modification do not imply an absolute decrease in root length but rather balance a proportionality with the shoot for uptake and transportation of nutrients (Elkoca et al., 2015; Concha et al., 2020). Similarly, in this study, the highest root length of 43 cm recorded in TZSR40B is among the isolates with many nodules, indicating a balanced root system architecture and root growth as a result of reduced exploitation of nutrients induced by inoculation with rhizobia (Concha et al., 2020). However, extremely shorter roots, for instance, the one recorded in plants inoculated with TZSR63A, which is −22.4% lesser than un-inoculated plants, may be attributed to the alteration of root growth by promoting the lateral root formation likely through the modulation of auxin signaling by the inoculated rhizobia isolate (Zhao et al., 2018). Conversant to lesser root length, the root dry weight of the plants in the particular treatments have higher roots dry weight over un-inoculated plants. Overall, inoculated plants performed better than non-inoculated plants.

Moreover, compared with positive control treatments, legume fix, and urea, rhizobia isolates performed better for all the tested parameters except for plant height and root dry weight, which was higher in urea. Interestingly, in this study, the plants inoculated with two isolates, TZSR39C and TZSR41A, were observed to have consistently higher average values for most of the studied plant growth parameters except for root length and dry weight. Therefore, the above two isolates are potential in the production of rhizobia-based biofertilizers for intensification and sustainable production of soybean.

Inside the symbiotic nodules is where the rhizobia associate with plants to fix nitrogen and hence promote the growth and development of plants. It is highly likely that many symbiotic nodules with higher dry weight per plant lead to an increased level of fixed nitrogen and nutrient uptake by plants. This is supported by the observations made in this study on the significant positive correlations of nodule numbers and nodule dry weight with other plant growth parameters. Similar to this study, other researchers have reported significant correlations among the mentioned parameters (Appunu and Dhar, 2006; Youseif et al., 2014; Elkoca et al., 2015; Wang et al., 2020). This study showed a strong and significant positive correlation between the number of nodules and nodule dry weight. However, the correlation between nodules number and dry weight may be due to collinearity but many nodules may not necessarily exhibit higher dry weight due to the size and the composition of the nodules (Ott et al., 2005; Thilakarathna and Raizada, 2017). In addition, the observed positive significant correlation between nodulation (nodule numbers and dry) and shoot length, shoot dry weight, and the number of leaves suggests that the increase in nutrient availability is a result of increased symbiotic nodulation upon inoculation and hence above-ground biomass (Elkoca et al., 2015; Gitonga et al., 2021; Ozede and Olubukola, 2021). Although in this study, nodulation (nodules number and dry weight) has been used as a major parameter in measuring SNF, the nodules number is observed to have several limited proxy values in determining effective symbiosis (Hungria et al., 2001; Thilakarathna and Raizada, 2017); hence nodules dry weight is used as a better proxy (Thilakarathna et al., 2021). The observed significant positive correlation among different individual plant growth parameters can be linked to the increased growth and development of healthy plants through the availability of nutrients (Alam et al., 2015; Ntambo et al., 2017) mediated by N2 fixation attributed to inoculation of soybean seedlings with rhizobia (Aloo et al., 2021).



4.4. Symbiotic parameters as influenced by isolates

The significant increase in shoot nitrogen concentration, total N, fixed N, and symbiotic effectiveness observed among the tested isolates clearly demonstrates that the isolates were capable of fixing nitrogen under screen house conditions but in varying abilities. The increase in shoot N concentration corroborates (Iturralde et al., 2019), who found that inoculation increased nitrogen concentration in shoots of soybean plants. On the other hand, Subramanian and Kim (2014) reported an increase in soybean shoot total nitrogen with inoculation by symbiotically effective rhizobia. From this study, the plants inoculated with three isolates, TZSR25A, TZSR27B, and TZSR41A, that have the highest fixed N are those with also the highest shoot concentration of N and total N. In addition, inoculation of plants with two isolates, TZSR25A and TZSR26B, yielded high symbiotic effectiveness, suggesting that fixed N contributed to the total N content of the plant shoot. These findings agree with those of Dashti et al. (1998) that inoculation of soybean with effective rhizobia significantly increased fixed N, which ultimately contributes to the increment of total nitrogen in the shoot of plants. Chibeba et al. (2017) indicated that different rhizobia isolates had different abilities in fixing nitrogen and hence different relative symbiotic effectiveness. The 94% of isolates, which were effective in N2 fixation, implies that most of the isolates tested in this study had a higher capacity to fix nitrogen under controlled conditions. Furthermore, on-farm testing under field conditions is recommended for isolates, which performed well than urea treatment in the screen house potted experiment. This finding also suggests that these effective isolates can potentially be used to improve soybean productivity and N budget, hence contributing to sustainable intensification of the agricultural system, specifically in soybean production.

Nodulation (nodules number and dry weight) is the first symbiotic trait to be observed before measuring other traits, namely shoot dry weight, percentage plant N, and total N. This is because the measurement of other traits is dependent on the extent of nodulation and their influence on the variation of other SNF traits. The significant positive correlation between nodulation (nodules number and nodules dry weight) and shoot dry weight (Unkovich et al., 2010) suggests that inoculation of soybean seedlings with rhizobia increased N2 fixation. These results are in agreement with Alam et al. (2015) and Ntambo et al. (2017) who reported an increase in shoot dry weight as a measurable indicator of increased nitrogen concentration in plants resulting from symbiotic N2 fixation through inoculation. The nitrogen concentration in plant shoot biomass is the determinant of total and fixed nitrogen in plants inoculated with effective rhizobia (Elkoca et al., 2007; Ogutcu et al., 2008). The study conducted by Elkoca et al. (2015) and Chibeba et al. (2017) demonstrated that inoculation of legumes with effective rhizobia increased the concentration of N, fixed N, and total N concentration in plants. Moreover, different rhizobia isolates differ in symbiotic effectiveness, although the difference among some isolates was not statistically significant due to higher variation, but they are numerically different, and this is relative to their abilities to fix nitrogen (Chibeba et al., 2017). According to rating guidelines by Legesse (2016), the isolates with symbiotic effectiveness value of >85% are considered highly effective in nitrogen fixation regardless of their variation as observed in this study.




5. Conclusion and recommendations

The availability of nutrients to suffice crop requirements is crucial in increasing the productivity of crops. Nitrogen, the first and most limiting nutrient for crops is required in larger quantities for growth, development, and optimum yield. The available nutrient sources, synthetic, organic, and commercial biofertilizers, have been there, but still, there is an appreciable deficiency of nutrients including nitrogen in smallholder farming systems. It is high time to explore the effective indigenous species of rhizobia and commercialize their biofertilizer formulations for easy availability and accessibility to smallholder farming systems. The tested indigenous rhizobia species in this study demonstrated varying abilities with some highly effective ones in nodulation and promotion of plant growth and yield components as indicated by nodules and shoot dry weight of up to 0.137 and 10.99 g per plant and the increase in shoot dry weight of 75.82% for the plants inoculated by isolate TZSR41A. Moreover, about 50% of the isolates showed higher nitrogen-fixing abilities as indicated by their symbiotic effectiveness. Enhancement of plant growth and yield components results from increased nutrient availability and uptake. However, on-farm testing under field conditions is recommended for isolates, which performed well in the screen house potted experiments. Nevertheless, the availability of nutrients should be sustainable to ensure sustainable crop production. The two aspects, nutrient availability and crop productivity, should consider factors such as affordability by farmers, environmental safety, and effectiveness to ensure safe and nutritious food security. Therefore, the studied isolates are the potential for formulating biofertilizers for field applications and sustainable soybean productivity in Tanzania upon confirmation under field conditions.
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Growth Number Root Shoot DW Root DW NDW (g) Total

parameters of leaves length (9) ()] Plant DM
(cm) ()}
Shoot length (cm) r -
p-value -
Number of leaves r 0.446*** -
p-value <0.001 =
Root length (cm) r 0.064 0.206* -
p-value 0.428 0.011 -
Shoot DW (g) * 0.686™* 0.263** —0.044 -
p-value <0001 0.001 0.588 -
Root DW (g) r 0.048 0.14 —0.064 0.091 -
p-value 0.557 0.083 0.431 0.261 -
NDW (g) % 0.632*** 0.233** 0.136 0.473** 0.153 =
p-value <0.001 0.004 0.094 <0.001 0.059 -
Total Plant DM (g) r 0.664™** 0.284*** —0.054 0.979*** 0.277*** 0.461"* =
p-value <0.001 < 0.001 0.509 <0.001 < 0.001 < 0.001 -

Correlation coefficients (1) in individual cells represent each correlation between variables. Values with asterisk (*) are statistically significant different at *P < 0.05, **P < 0.01 and ***P < 0.001. DW,
Dry weight.
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Isolate Plant N (%) Total N (g) Fixed N (g) E (%) S tes
TZSR5C 24601 7.98 12624 74.00¢ Effective
TZSR6C 23437 7174 0.449¢ 69.51¢ Effective
TZSRIC 2733+ 828 1.559¢ 69.50° Effective
TZSR11B 24577 8.432¢ 1.712¢ 50.88¢ Lowly effective
TZSR12C 3.230%% 12.7394 6.012¢4 100.45%¢ Highly effective
TZSRI5A 2730 7.98 12594 66.86¢ Effective
TZSR21C 2.8708° 7.159¢ 0.439¢ 48.51¢ Lowly effective
TZSR25A 4733 52.021% 41.975% 245.46° Highly effective
TZSR25B 4353¢ 215404 14.8210-4 108.78%¢ Highly effective
TZSR25C 3.950¢F 18.48%¢ 11766 105.40%¢ Highly effective
TZSR26A 2.42% 18.70%4 11.983¢¢ 178.69*¢ Highly effective
TZSR26B 2.457 266274 19.905%¢ 242.40° Highly effective
TZSR27A 2443 16.19% 9.473¢4 149.27%¢ Highly effective
TZSR27B 1970 37.70°¢ 30.981%¢ 241.49° Highly effective
TZSR31C 2.893¢! 19.01¢ 12.208¢¢ 156.20°¢ Highly effective
TZSR32C 2617 7.784 1.0614 69.38¢ Effective
TZSR34A 2253 7.095¢ 0375¢ 71.39¢ Effective
TZSR35C 25671 7284 0.560¢ 64.29¢ Effective
TZSR36C 2203 6864 0.145¢ 73.61¢ Effective
TZSR37B 2137 7366 0646 78.14° Effective
TZSR38B 2600+ 9.03¢¢ 23174 102.85¢ Highly effective
TZSR39A 3.860°" 15.72¢4 9.006 101.43%-¢ Highly effective
TZSR39B 4.010°¢ 18.17¢ 11458 105.73¢ Highly effective
TZSR39C 4.600°¢ 373204 222464 183.927°°¢ Highly effective
TZSR40A 4.173*¢ 12.14¢ 5.422¢4 102.8¢ Highly effective
TZSR40B 42334 13.49%¢ 6.777%4 103.90°¢ Highly effective
TZSR40C 3583 18.621¢~¢ 19.115°-¢ 123.06¢ Highly effective
TZSR41A 48770 53.59 46.878" 235.71% Highly effective
TZSR41B 330341 18.76% 12.047%¢ 124.48*¢ Highly effective
TZSR41C 4,677 230904 163734 109.94%¢ Highly effective
TZSR42A 29531 10.73¢ 4.010¢¢ 106.60°¢ Highly effective
TZSR4TA 2153 7.4054 0.6854 77.97¢ Effective
TZSR48B 22174 7.7444 1.024¢ 79.19¢ Effective
TZSR49A 3.870"¢ 17.404¢ 10.682¢ 101.81%°¢ Highly effective
TZSR54B 24801 7.646 09264 69.89° Effective
TZSR56C 2770 12334 5.612¢ 105.13*¢ Highly effective
TZSR60B 3.140° 21234 14.5100¢ 153.38%¢ Highly effective
TZSR63A 2.290! 82234 1.503¢ 51.63¢ Lowly effective
TZSR67A 2567+ 7.214 04914 64.04° Effective
TZSRGSB 2.160' 8.333%¢ 16134 87.46° Effective
TZSR69B 2.473 8.237¢4 15174 45.82¢ Lowly effective
TZSR72B 2,537 7244 0.525¢ 66.09¢ Effective
TZSR73C 23977 7.29¢ 05734 68.75¢ Effective
TZSR76A 2.52771 7.24% 05244 68.18° Effective
TZSR78A 2.2530 6.87¢ 0.1554 68.18° Effective
TZSR79B 2.800"" 13.98¢ 7.259¢4 113.13%°¢ Highly effective
TZSR80B 2.840"! 12.96%¢ 6.244%4 105.91%7¢ Highly effective
NC-0 2.180' 6.724 0.000¢ 70.11¢ Effective

PC-Lf 2,930 11139 44174 87.71%¢ Highly effective
PC-Urea 3.203¢1 14.60%¢ 7.883¢4 100.00°¢ Highly effective
sed. 0238 6.843 6843 35.88

P-value <0.001 <0.001 <0.001 <0.001

Mean values with different letter(s), a-1 in the same column differ significantly at P = 0.05. S.E., Symbiotic effectiveness.
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Isolate Number Nodule Shoot Number of Root length Shoot DW. Root DW (g) Total plant

of DW (g) length (cm) leaves (cm) (9) DW (g)

nodules
TZSR5C 2.33b¢ 0.007° 47.67 (34.61)°¢ 12.33 (20.81)° 32.50 (9.61)* 3.22(18.10)¢ 0.63 (78.38)™ 3.86 (16.59)¢
TZSR6C 1.33% 0.004> 52.67 (32.74)"~¢ 14.33 (2.73)° 31.50 (8.38) 3.05(13.87)¢ 0.79 (83.43) 3.85(16.30)¢
TZSRIC 1.00% 0.009® 62.50 (47.08)"~¢ 13.00 (12.72)° 31.50 (8.84)" 2,99 (10.43)¢ 0.94 (82.76)™ 3.94 (18.36)¢
TZSR11B 2.33b¢ 0.003" 51.63 (39.44)0~4 13.00 (27.41)° 28.37 (—1.22)* 3.43(23.93)¢ 0.84 (82.76)* 427 (24.68)4
TZSR12C 9.330¢ 00487 58.00 (46.43)*~¢ 11.00 (14.63)° 30.17 (=5.70)® 3.99 (33.91)*¢ 0.79 (83.15)™ 482 (33.26)*¢
TZSRI5A 1.67%¢ 0.017> 43.00 (28.41)¢ 12.00 (11.22)° 33.67 (12.63)® 2.84 (—93.15)¢ 0.82 (82.20)" 3.68 (12.53)¢
TZSR21C 6.674¢ 0.017° 56.03 (44.79)>~4 13.67 (30.87)° 35.67 (9.00)™ 2.49 (—4.73)4 1.12 (88.04)% 3.63 (11.22)¢
TZSR25A 9.33%-¢ 0.084% 75.97 (57.73)*¢ 19.67 (51.38)° 30.17 (3.30)% 8.11 (62.07)*¢ 1.10 (87.10)% 9.52 (66.18)*
TZSR25B 22.00* 0.069% 72.53 (57.48)¢ 14.00 (33.89)° 26.83 (—9.33) 4.90 (41.33)*¢ 1.66 (91.42)® 5.74 (43.89)*¢
TZSR25C 13.33%¢ 0.095% 62.33 (50.43)b—4 15.00 (38.28)> 32.87 (6.40)™ 4.67 (40.66)4 0.99 (85.89)™ 5.76 (44.08)*~¢
TZSR26A 10.33%—¢ 0.045% 79.00 (60.14)¢ 18.67 (48.42)° 35.23 (17.22)® 7.79 (65.69)*~¢ 1.32 (83.75)% 9.16 (64.84)*¢
TZSR26B 11.33%¢ 0,046 82.07 (62.28)*~¢ 17.00 (45.74)° 36.50 (21.29)® 10.78 (75.77)™ 153 (90.82)% 12.36 (73.95)
TZSR27A 13.33%¢ 0.069°° 75.80 (56.5)*¢ 15.33 (34.38)° 30.00 (3.47)% 6.74 (56.63)*~¢ 1.22 (88.34)% 7.70 (58.19)*¢
TZSR27B 16.67°°¢ 0.071% 124.17 (72.88)° 19.67 (52.77) 34.67 (16.78)° 10.47 (74.15)~¢ 0.57 (75.28)™ 1111 (71.03)"¢
TZSR31C 10.33%¢ 0.048% 79.00 (60.43)*~¢ 14.33 (33.64)° 39.00 (16.88) 6.58 (42.11)*¢ 0.74 (80.14) 7.37 (56.31)*¢
TZSR32C 4.67°¢ 0.018" 43.67 (27.78)%4 7.33 (—33.07)® 40.83 (23.32)™ 3.01 (10.94)¢ 0.71 (78.39)% 3.74 (13.84)¢
TZSR34A 033¢ 0.001> 41.00 (24.70) < 933 (-3.33) 32,90 (12.76)* 3.15(15.06) ¢ 1.17 (86.37) 432 (25.52)%
TZSR35C 1.33%¢ 0.008> 54.60 (41.76)*~¢ 11.33 (14.78)" 36.30 (19.85) 284 (6.72)¢ 1.01 (86.62) 3.85 (16.46)4
TZSR36C 0.67%¢ 0.020" 62.67 (48.35)P~4 17.67 (44.28)° 35.00 (17.05)% 3.26 (17.90)¢ 0.93 (84.17)* 421 (23.58)4
TZSR37B 1.00% 0.029" 42.73 (27.73)4 9.00 (=9.26)" 31.67 (8.99) 3.45 (24.25)¢ 1.14 (86.07) 4,62 (30.25)>4
TZSR38B 14.33%¢ 0.045% 90.33 (63.30)*¢ 15.00 (35.51)° 28.00 (—6.02)™ 3.87 (20.45)¢ 0.77 (76.25)® 4.69 (31.29)>—¢
TZSR39A 12.33%¢ 0.050° 88.27 (62.57)*¢ 17.67 (44.07)° 25.67 (—13.37)® 4,08 (30.17)>-4 0.83 (78.45)% 4.96 (35.10)>4
TZSR39B 9.00%¢ 0.044%> 81.33 (58.51)¢ 66.00 (63.48)" 41.90 (27.03) 4.53 (38.41)*¢ 1.32 (89.26)* 5.89 (45.38)*¢
TZSR39C 20.00% 0.096° 102.90 (69.60)™ 20.00 (52.38)° 32.33 (10.35)™ 10.76 (74.54)% 0.70 (71.91)* 11.56 (72.14)%
TZSR40A 5.674¢ 0.046% 71.43 (56.83)*~4 16.33 (43.53)° 30.67 (6.16)™ 391 (21.22)¢ 0.90 (42.05)* 4.85 (33.64)>4
TZSR40B 13.67°~¢ 0.076" 73.43 (55.80)*~4 14.33 (30.63)° 43.00 (27.14)™ 3.17 (8.95)4 0.82 (82.30)™ 473 (31.92)*4
TZSR40C 13.33%¢ 0.089° 93.10 (66.21)*¢ 19.00 (50.94)> 31.00 (7.516)* 5.20 (36.12)*¢ 1.56 (74.88)* 6.85 (52.99)*¢
TZSR41A 18.67°-¢ 0.137 125.27 (68.19)* 2433 (53.41)° 2670 (—18.04) 10.99 (75.82)° 0.90 (84.26)™ 11.69 (72.46)
TZSR41B 122 0.0573% 90.37 (65.46)*~¢ 17.33 (45.07)° 29.97 (—1.48)% 5.38 (36.56)*~¢ 0.52 (72.82)* 5.95 (45.92)*¢
TZSR41C 12.00%¢ 0.056% 90.60 (65.88)*~¢ 17.67 (48.28)° 33.67 (11.73)® 4.93 (40.52)*¢ 1.03 (86.19)™ 5.68 (43.34)*¢
TZSR42A 8.674 0.090° 87.63 (63.99)*¢ 12.00 (21.80) 33.67 (12.86)™ 3.97 (4.41)¢ 1.27 (88.83)™ 477 (32.46)>4
TZSR47A 2.33b¢ 0.015" 50.00 (37.67)>~4 13.33 (30.06)° 35.33 (18.64)™ 3.44 (24.09) ¢ 1.76 (86.06)™ 5.21(38.26)*¢
TZSR48B 1.00b¢ 0.024" 49.33 (36.90)*4 13.67 (26.41)® 32.00 (10.02)* 3.49 (25.26)¢ 0.93 (83.15)* 4.45 (27.65)4
TZSR49A 3.004¢ 0.020" 62.37 (48.36)>4 16.33 (32.22)° 30.17 (5.01)% 4.50 (41.26)*4 1.16 (88.48)™ 5.68 (43.29)*¢
TZSR54B 1.33%¢ 0.008" 43.00 (28.10)«¢ 13.67 (32.03)° 53.33 (44.06)* 3.08 (15.32)¢ 0.83 (78.77)* 3.92(17.93)¢
TZSR56C 233 0.019" 60.27 (48.29)"¢ 14.00 (25.00)" 27.67 (—4.76)"™ 4.45 (26,824 1.98 (92.11) 6.45 (50.06)*¢
TZSR60B 11.00%¢ 0.068% 68.97 (55.02)~¢ 11.67 (20.45)° 29.87 (2.45)™ 6.76 (60.37)*"¢ 1.14 (77.61)™ 7.96 (59.57)*¢
TZSR63A 1.67°¢ 0.012° 50.03 (37.82)P~4 10.33 (7.23)° 23.67 (—22.40 3.59 (27.30)¢ 1.01 (85.93)% 4,61 (30.23)>4
TZSR67A 1.67%¢ 0.008" 39.87 (22.75)%¢ 11.33 (15.69)° 33.80 (15.20)® 2.76 (2.13)4 1.11 (87.28)* 3.88 (17.12)¢
TZSR68B 1.33%¢ 0.008" 54.77 (43.13)b4 10.33 (7.22)° 32.10 (9.08)* 3.86 (—32.86)¢ 1.53 (88.82)% 4.40 (26.76)°4
TZSR69B 1.33% 0.009" 45.33 (3127)¢ 13.00 (22.34)° 33.33 (13.91)® 3.33 (—62.89)" 2.17 (92.49) 451 (28.59)%
TZSR72B 3.67°¢ 0015 58.37 (47.26)"¢ 12.00 (22.94)° 42.00 (24.05) 283 (=0.01)! 0.63 (70.93)" 348 (7.45)¢
TZSR73C 0.67° 0.003° 51.70 (39.68)"¢ 9.67 (4.38)° 33.67 (14.66)" 3.06 (11.37)¢4 0.70 (80.15)™ 376 (14.46)
TZSR76A 0.67%¢ 0015 60.27 (48.71)"¢ 13.00 (28.91)° 26.47 (—8.30)™ 2.89 (—1.90)¢ 1.22 (88.49) 4.13 (22,10
TZSR78A 1.67%¢ 0.003® 58.10 (46.62)*=4 11.00 (16.03)° 33.03 (11.72)* 3.07 (5.86)¢ 1.57 (90.84) 4.64 (30.66)>~4
TZSR79B 1633 0.074% 70.50 (55.74)¢ 17.00 (44.19)° 39.00 (13.71)* 4.98 (46.48)~¢ 1.09 (86.95)"™ 5.81 (44.59)¢
TZSRS0B 5.00"¢ 0.044% 84.33 (62.50)*~¢ 16.33 (41.04)° 37.67 (20.79) 455 (39.02)¢ 1.08 (84.36)" 5.67 (43234
Overall 7.11 0.039 67.42 (49.10) 15.40 (27.20) 3330 (9.18) 466 (24.48) 1.08 (82.87) 5.69 (36.59)
av.
PC-Lf 9.00%¢ 0.016" 58.17 (46.34)>—4 10.60 (13.47)> 29.67 (2.30)* 3.80 (29.89)d 0.52 (52.23)% 433 (25.73)¢
PC-Urea 0.00¢ 0.000 65.27 (52.27)~4 12.00 21.11)° 30.8 (4.64)™ 4.41 (40.36)*¢ 1.26 (88.03)" 4.67 (31.03)>~¢
NC-0 0.00° 0.000° 31.00% 933" 28.67% 3.08¢ 0.14° 3.22 (0.00)¢
sed. 475 2323 1331 6.04 633 1.66 045 172
P-value <0.001 <0.001 <0.001 <0.001 0.081 <0.001 0.038 <0.001

Mean values with different letter(s), a-d in the same column differ significantly at P = 0.05. DW, dry weight; and the values presented in parenthesis/Bracket are the percentage increase per plant
over un-inoculated plants in the values of measured parameters.
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rameter Mean

Soil pH (H,0) 6.60 N 0.01
Electrical conductivity (dS/m) 0.22 NYR 0.04
Organic carbon (%) 3.20 VH 0.07
Total nitrogen (%) 0.36 M 0.1

Extractable phosphorus (mg kg™!) 83.95 VH 0.63
Copper (mgkg™") 228 H 0.05
Zinc (mgkg™!) 8.09 VH 0.01
Manganese (mg kg™") 10.96 VH 0.36
Iron (mg kg™") 10.53 VH 0.09
Exchangeable calcium [cmol4) kg™!] 14.05 VH 0.01
Exchangeable magnesium [cmol4) kg™'] 312 VH 0.09
Exchangeable sodium [cmol4) kg™!] 0.09 VL 0.01
Exchangeable potassium [cmol (4 kg™'] 0.40 M 0.03.
Cation exchange capacity [cmol(,) kg™'] 19.12 M 0.56
Exchangeable sodium percentage (%) 0.56 M 0.05
Texture Sandy clay loam

VH, very high; H, high; M, medium; VL, very low; N, neutral; NYR, no yield reduction; $.D,

standard deviation.
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