

[image: Cover: Abundance and symbiotic efficiency of indigenous rhizobia nodulating faba bean and common bean in southern Ethiopia]






    Table of Contents

  
    	Cover

    	Abundance and symbiotic efficiency of indigenous rhizobia nodulating faba bean and common bean in southern Ethiopia 
    
      	1 Introduction

      	2 Materials and methods 
      
        	2.1 Description of the study areas

        	2.2 Cropping and inoculation history

        	2.3 Soil sampling and analysis

        	2.4 Enumeration of indigenous rhizobia

        	2.5 Nodule trapping and isolation of indigenous rhizobia

        	2.6 Confirmatory test

        	2.7 Authentication of the isolates

        	2.8 Growth data collection

        	2.9 Estimation of symbiotic efficiency

        	2.10 Data analysis

      


      	3 Results 
      
        	3.1 Selected soil properties of the study area

        	3.2 Abundance of indigenous rhizobia nodulating faba bean and common bean

        	3.3 Abundance of indigenous rhizobia and its association with soil properties and host crops

        	3.4 Screening and presumptive test of indigenous rhizobia isolates for authentication

        	3.5 Evaluation of symbiotic effectiveness of indigenous rhizobia isolates 
        
          	3.5.1 Nodule numbers and nodule dry weight per plant

          	3.5.2 Root and shoot dry weight per plant

          	3.5.3 Shoot total nitrogen (TN%) concentration

          	3.5.4 Symbiotic efficiency indices of faba bean and common bean rhizobia isolates

        


        	3.6 Variability in nodulation and plant growth induced by rhizobia from soils subjected to different land use types

      


      	4 Discussion 
      
        	4.1 Effect of land use/cropping system and soil property on rhizobia abundance

        	4.2 Effects of land use/cropping system and soil properties on symbiotic efficiency of indigenous rhizobia

      


      	5 Conclusions

      	Data availability statement

      	Author contributions

      	Funding

      	Acknowledgments

      	Conflict of interest

      	Generative AI statement

      	Supplementary material

      	References

    


  

Landmarks

  
    	Cover

    	Table of Contents

    	Start of Content


  


Print Page List
  
    	 Page 01. 

    	 Page 02. 

    	 Page 03. 

    	 Page 04. 

    	 Page 05. 

    	 Page 06. 

    	 Page 07. 

    	 Page 08. 

    	 Page 09. 

    	 Page 10. 

    	 Page 11. 

    	 Page 12. 

    	 Page 13. 

    	 Page 14. 

    	 Page 15. 

    	 Page 16. 

    	 Page 17. 

  





ORIGINAL RESEARCH

published: 11 July 2025

doi: 10.3389/fsoil.2025.1568292

[image: Frontiers: Stamp Date]



Abundance and symbiotic efficiency of indigenous rhizobia nodulating faba bean and common bean in southern Ethiopia



Tadele Geremu 1,2*, Girma Abera 3, Bekele Lemma 4 and Frank Rasche 5†


1 Natural Resource Research Directorate, Oromia Agricultural Research Institute, Addis Ababa, Ethiopia, 2 Department of Plant and Horticulture Science, College of Agriculture, Hawassa University, Hawassa, Ethiopia, 3 Soil Extension Team, International Fertilizer Development Centre (IFDC), Addis Ababa, Ethiopia, 4 Chemistry Department, College of Natural and computational sciences, Hawassa University, Hawassa, Ethiopia, 5 Institute of Agricultural Sciences in the Tropics (Hans-Ruthenberg-Institute), University of Hohenheim, Stuttgart, Germany



Edited by: 

Amitava Rakshit, Banaras Hindu University, India

Reviewed by: 

Mustapha Mohammed, University for Development Studies, Ghana

Vishal Tripathi, Graphic Era University, India

*Correspondence: 

Tadele Geremu
 bekgeremu@gmail.com

†Present address: 

Frank Rasche, International Institute of Tropical Agriculture (IITA), Nairobi, Kenya


Received: 29 January 2025

Accepted: 13 June 2025

Published: 11 July 2025

Citation:
Geremu T, Abera G, Lemma B and Rasche F (2025) Abundance and symbiotic efficiency of indigenous rhizobia nodulating faba bean and common bean in southern Ethiopia
. Front. Soil Sci. 5:1568292. doi: 10.3389/fsoil.2025.1568292




The symbiotic association between legumes and indigenous rhizobia is crucial for enhancing legume productivity. However, inconsistent results and suboptimal performance of rhizobia inoculation in promoting legume production have been observed. In this regard, we assessed the abundance and symbiotic efficiency of indigenous rhizobia nodulating faba bean and common bean, as well as the soil factors affecting rhizobia abundance in southern Ethiopia. The study also compared the performance of indigenous rhizobia with commercial strains and mineral nitrogen treatment plants. A total of 132 soil samples were collected from barley, wheat, maize, potato, common bean, faba bean, intercropped common bean and maize, enset, and grazing land. Indigenous rhizobia were isolated and enumerated from these samples. Faba bean (FB) and common bean (CB) rhizobia population ranged from 0.0 to 1.7 x 104 and 1.7 x 101 to 1.7 x 107 cells g-1 soil, respectively. Rhizobia populations were significantly influenced by soil pH, EC, OC, TN, CEC, exchangeable acidity, aluminium, and the host crop occurrence. The isolated indigenous rhizobia demonstrated significant potential in enhancing nodulation, shoot dry weight, and TN accumulation in plants. Symbiotic efficiency indices revealed that over 95% of the indigenous rhizobia were effective in nodulation and shoot dry matter accumulation, indicating that naturally occurring rhizobia are efficient and may reduce the need for commercial inoculants in areas with abundant indigenous populations. However, in areas where rhizobia populations are low, strains isolated from faba bean (33FB, 84FB) and common bean (44CB, 102CB), which outperformed commercial strains should be further evaluated. The results suggest that soil rhizobia population levels should be assessed prior to inoculation to optimize nodulation and crop performance. To this end, it is emphasized to evaluate soil rhizobia strains to assess their stability and competitiveness relative to commercial inoculants across different agroecological conditions.
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1 Introduction


Legumes, such as faba bean (Vicia faba L.) and common bean (Phaseolus vulgaris L.), are crucial for enhancing soil fertility and promoting sustainable agriculture in Ethiopia (1, 2). Despite their importance, legume productivity in smallholder farms is often constrained by poor soil fertility, as reflected by low levels of organic carbon (OC), nitrogen (N), and phosphorus (P), and unadjusted agronomic practices (3–5). To overcome this dilemma, the symbiotic relationship between legumes and indigenous rhizobia is considered pivotal for boosting legume productivity and improving soil fertility. Besides, it can also reduce reliance on chemical fertilizers (6–9). In this context legumes play an important agronomic role in integrated cropping systems (10, 11). The incorporation of faba bean and common bean into crop rotations and intercropping systems has often been associated with significant benefits for nitrogen cycling in agricultural systems (12, 13).


The specific rhizobial species that nodulate faba bean are primarily from the genus Rhizobium: Rhizobium leguminosarum (14), Rhizobium fabae (15) and Rhizobium laguerreae (16), and common beans are typically nodulated by rhizobium species, including Rhizobium etli and Rhizobium phaseoli (17). Once nodulated, rhizobia survive in the soil through various mechanisms. They can persist as free-living cells or in a dormant state in the form of nitrogen-rich, resilient spores (18). These bacteria are capable of forming stable nodules on their host plants, where they remain active during the growing season, facilitate nitrogen fixation. Outside of their symbiotic relationships, rhizobia can survive in the soil as part of the broader microbial community, particularly in soils with high OC or in legume-cropped fields where they have access to carbon sources from decaying plant material (19, 20). However, their survival can be affected by factors such as soil pH, moisture levels, and the presence of competing microorganisms (21, 22).


The abundance of rhizobia was not only significantly linked to the integration of legumes in cropping systems; soil factor were also major determinants of rhizobia abundance. Although legume rhizobia can survive and persist in the soil, their populations may not increase significantly through rotation practices alone, particularly when rotations include other leguminous or non-leguminous crops (22, 23). Furthermore, the availability of suitable environmental conditions, such as optimal soil pH, acidity, salinity and OC, is essential for sustaining viable rhizobial populations (24). In many crop rotations, the soil conditions may not always be ideal for the proliferation of rhizobia specific to legumes, especially when the rotation includes crops that support different rhizobial species.


Research in Ethiopia has explored the use of rhizobia inoculants to improve legume yields. Various rhizobia strains have been isolated and tested, showing significant improvements in the productivity of faba beans and common beans (25–28). However, the adoption of these inoculants by farmers remains limited. Reports indicate inconsistencies and suboptimal performance of both indigenous and commercial rhizobia strains in nodulating legumes (29–31). This suggests that existing indigenous rhizobia populations in agricultural soils, potentially exceeding 102 cells per gram of soil (32, 33), may possess high symbiotic efficiency that can support legume productivity (21, 34). Yet, despite this potential, there is a lack of comprehensive data on the abundance and effectiveness of indigenous rhizobia in the diverse agroecological zones of southern Ethiopia. This region, with its variation in soil types, climate conditions, and farming practices, offers a valuable context for understanding how environmental factors influence legume–rhizobia interactions. Several previous studies have overlooked the assessment of indigenous rhizobia populations in agricultural soils prior to seed inoculation, potentially diminishing the benefits of external inoculants in regions, where indigenous rhizobia populations are already abundant (30, 34, 35).


Giller (36) outlines three scenarios where introducing rhizobia is crucial: [a] when compatible rhizobia in soils are absent, [b] when their population is insufficient for effective nodulation, or [c] when indigenous rhizobia are less effective compared to selected inoculants. The competition between introduced and indigenous rhizobia can affect the proliferation of introduced strains (37–39). The necessity for re-inoculation depends on soil conditions and the compatibility of rhizobia strains (36, 40, 41). Soil factors, such as pH, OC, nutrient status, and salinity, have been shown to impact the abundance and effectiveness of indigenous rhizobia (33, 39, 42). However, these scenarios has not been thoroughly investigated in Ethiopian agricultural soils.


Southern Ethiopia, with its diverse soils, climates, and farming practices, provides an ideal setting to explore how these factors influence legume–rhizobia interactions. This study hypothesizes that indigenous rhizobia in soils of southern Ethiopia are sufficiently abundant and effective, reducing the need for external inoculants by outcompeting introduced rhizobia, particularly under unfavorable soil conditions. To test this hypothesis, the study addresses the lack of comprehensive data by assessing the abundance and symbiotic efficiency of indigenous rhizobia nodulating faba bean and common bean. It also evaluates key soil factors affecting these populations. The results are expected to inform more sustainable legume management strategies and contribute to improved soil fertility and food security in the region.






2 Materials and methods





2.1 Description of the study areas


Soil samples were collected from the Cheha, Hula, Boricha, and Hawassa Zuria districts of southern Ethiopia, which are known for their extensive production of faba bean and common bean. Cheha and Hula were chosen as representative areas for faba bean cultivation, while Boricha and Hawassa Zuria were selected for their widespread common bean production. Soil samples for enumerating and isolating indigenous rhizobia were collected from various land use types, including enset, grazing, potato, faba bean, wheat, and barley fields in Hula and Cheha, and from enset, grazing, common bean, intercropping, and maize fields in Boricha and Hawassa Zuria.


Cheha is located between 37° 37’ 20” - 38° 30’ E and 8° 00’ 00” - 8° 18’ 40” N, with an elevation ranging from 1639 to 2840 meters above sea level (m.a.s.l). Hula lies between 38° 20’ 20” - 38° 40’ 20” E and 6° 24’ 20” - 6° 36’ N with elevation ranging from 2440 to 3267m.a.s.l. Boricha is situated between 38° 30’ 00” - 38° 24’ 00” E and 6° 45’ 20” - 7° 1’ 40” N, with altitudes between 1321 and 2085 m.a.s.l. Hawassa Zuria district is located between 38° 12′ 20′′ - 38° 28′ 40′′ E and 6° 57′ 00” - 07° 8′ 40′′ N with elevation ranging from 1670 and 2210 m.a.s.l (
Figure 1
). The mean atmospheric temperatures of Cheha, Hula, Boricha and Hawassa Zuria districts are 20.0°C, 14.0°C, 23.5°C, and 23.5°C, respectively. The mean annual rainfall is 1,061 mm in Boricha, 1,428 mm in Cheha, 1,576 mm in Hula, and 1,023 mm Hawassa Zuria. According to agro-ecological classification, Hula and Cheha are categorized as cool humid mid-highlands and tepid sub-humid mid-highlands, respectively. In contrast, Hawassa Zuria and Boricha fall under the tepid moist mid-highlands category (43). This agro-ecological heterogeneity significantly influences the types of crops cultivated. The dominant soil types in Hula are Eutric Nitisols and Lithosols, while Cheha is characterized by Eutric Nitisols and Pellic Vertisols. In Hawassa Zuria the predominant soils are Mollic Andosols and Eutric Fluvisols, whereas Boricha is mainly composed of Lithosols and Chromic Luvisols (44).
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Figure 1 | 
Location map of the study areas: Map of Ethiopia (A), showing the Gurage Zone and Sidama Region (B), along with the study locations in the Hula, Boricha, Hawassa Zuria, and Cheha districts (C).








2.2 Cropping and inoculation history


The five-year cropping and inoculation history for each sampling site was recorded using structured questionnaires administered to the participating farmers. The questionnaires were designed to gather detailed information about the crop rotations and inoculation practices employed over the past five years. These questionnaires included both closed and open-ended questions, allowing the respondents to provide specific details while also ensuring the collection of quantifiable data. The questionnaires were structured to cover key aspects of the cropping system, including the types of crops grown, the sequence and frequency of rotations, and any inoculation practices related to leguminous crops like faba bean and common bean. Farmers were asked to list the crops grown by type and year, as well as details about the use of inoculants (e.g., whether rhizobial inoculants were applied). To ensure the accuracy and reliability of the responses, the information provided by the farmers was validated through cross-referencing with actual field observations. This involved visiting farms to verify the types of crops grown in recent years. Further details of the collected information are provided in the 
Supplementary Material
 (
Supplementary Table S1
).






2.3 Soil sampling and analysis


Soil samples were collected from various land use types at 0–20 cm soil depth. In each land use type, a 10 x 10 m quadrant was laid out, and nine soil samples were collected within each quadrant. The individual soil samples from each quadrant were bulked to form one composite sample. Each land use type was replicated three times per district. A total of 60 composite soil samples were collected from the common bean production districts, while 72 composite soil samples were collected from the faba bean production districts. The composite soil samples were immediately transported to the lath house at the College of Agriculture, Hawassa University, and filled into3-liter plastic pots for trapping nodules from faba bean and common bean. The soil samples were also used for enumerating indigenous rhizobia and analyzing selected soil parameters. These included soil pH and EC, determined in a water suspension (H2O) (45), soil organic carbon (SOC) content, determined by wet oxidation (46); Total N measured by Kjeldahl method (47), available phosphorous, determined by the Olsen method (48), and cation exchange capacity (CEC), measured using ammonium acetate extraction (49). For soils with pH < 5.5, exchangeable acidity and aluminium were measured by titration with NaOH after displacement with 1 N KCl solution (50). Additionally, undisturbed soil samples were collected for bulk density determination.






2.4 Enumeration of indigenous rhizobia


The most probable number (MPN) plant infection technique was used to estimate the abundance of rhizobia in each soil sample (18). A tenfold serial dilution was prepared by diluting 10g of soil in 90 ml of sterilized distilled water. Four replicated seedlings of common bean (Phaseolus vulgaris L., Hawassa dume variety) and faba bean (Vicia faba L., Tumsa variety) were inoculated with 1 ml of each dilution (10-1 – 10-10). These varieties were selected for their adaptability and widespread cultivation in the study area. Surface sterilized seeds were planted in acid-treated and sterilized sand using 300 ml plastic pots in a lath house. The seedlings were supplied with 100 ml of sterilized pH adjusted (6.8) Jenson’s modified N-free solution (51) and examined for the presence of nodules after 5 weeks. Nodulation was recorded as “+” for the presence of nodules and “-” for their absence. The count of nodulated (+) plants was noted for each dilution. The total number of nodulated units was calculated by summing the nodulated plants across all dilution levels. The rhizobial population in each soil sample was then estimated. Based on the results, rhizobia populations in the soil samples were categorized into three groups: (i) low (<102 rhizobia g-1 of soil), (ii) medium (102 to 103 rhizobia g-1 of soil), and (iii) high (>103 rhizobia g-1 of soil) (52).






2.5 Nodule trapping and isolation of indigenous rhizobia


Faba bean and common bean were selected as a host crop for indigenous rhizobia trapping, following earlier established protocols (52). Seeds were allowed to germinate at room temperature for 3 days (53) before being transferred to pots filled with soil. Water was added every three days based on observation to provide optimum soil moisture during the growing period. After 45 days, the plants were carefully uprooted, washed with tap water, and the pink-colored, undamaged nodules were selected for further analysis. Upon cracking the nodules, the pink coloration was confirmed and used as a criterion for selecting nodules for rhizobia isolation. Pink-colored nodules were selected because of their coloration strongly indicates active nitrogen fixation. The pink color in legume nodules results from the presence of leghemoglobin, a molecule produced by the plant in response to rhizobial infection (52). Prior isolation, nodules were stored in screw-capped vials containing silica gel at the bottom, separated from the nodules by a cotton plug, kept at -4 °C. Rhizobia were isolated following standard procedures (18, 51). The acronyms CB and FB were used to uniquely identify the isolates from common bean and faba bean, respectively. Each isolate was labeled using the acronym of the host crop followed by a number linked to the soil sample.






2.6 Confirmatory test


The isolates were classified as rhizobia using established methodologies (18). Consequently, four confirmatory tests were performed, such as a congo red dye absorption, a ketolactose test, growth on Peptone Glucose Agar (PGA), and gram staining to confirm isolates as rhizobium rather than agrobacterium or other bacteria, which are frequently found as contaminants.






2.7 Authentication of the isolates


The purified isolates were inoculated onto faba bean and common bean to test the compatibility following established procedures (18, 51). Briefly, three pre-germinated seeds of uniform size were selected and aseptically transferred to sterilized 300 ml modified Leonard jars using sterile forceps. The jars, filled with sand, were autoclaved at 121°C for 15 minutes. A week after planting, the seedlings were thinned to one per jar and each was individually treated with 1 ml of rhizobial broth culture at exponential growth phase, containing approximately 109 cells ml-1 (52).


Fifty-three rhizobial isolates of faba bean and 51 common bean rhizobia were considered as treatment. The treatments were arranged in a complete randomized design (CRD) with three replications in the lath house. Two controls were included in the study. The negative control consisted of uninoculated and unfertilized seeds, while the positive control comprised of seeds treated with a potassium nitrate fertilizer solution (0.5 g KNO3 per 1 L).


The seeds were surface-sterilized and allowed to germinate on moistened filter paper in sterilized Petri dishes for 2–3 days. After germination, the seedlings were transferred into pots filled with sterile sand and inoculated with 1 ml of rhizobial culture in the exponential growth phase, delivering approximately 109 cells ml-1 per pot.


Commercial rhizobial inoculants were included as reference treatments. For common bean, the strain Rhizobium etli HB-429 was used, and for faba bean, the strain Rhizobium leguminosarum biovar viceae EAL-110 was applied. Both inoculants were obtained from Menagesha Biotech Industry P.L.C. (Addis Ababa, Ethiopia) and were supplied as sterile peat-based formulations containing approximately 109 viable cells per gram. For seed inoculation, 10 g of a peat-based inoculant was thoroughly mixed with 1 kg of seed using a sugar solution as an adhesive to enhance adhesion and maintain rhizobial viability. The treated seeds were air-dried for 30 minutes before sowing to ensure even distribution of the inoculant. The seedlings were supplied weekly with 100 ml of sterilized Jenson’s modified nitrogen-free solution, adjusted to pH 6.8. Seedlings were grown and isolates verified using modified Leonard containers, made by combining two plastic cups. The top cups contained river sand, while the bottom cups were connected with cotton wicks, which absorbed and transported water and nutrients to the upper cups through capillary action. The jars containing the tested isolates were routinely monitored for moisture levels and watered with sterilized water as needed.






2.8 Growth data collection


After 45 days of planting, the plants were carefully uprooted from the jars. The root and shoot fractions were immediately separated at harvest. From the roots, nodules were picked off and spread on the sieve to wash the soil adhered to their surfaces. The nodule numbers per plant data was then recorded. The nodules, roots, and shoots were oven dried at 70°C for 48 hrs to determine their dry matter accumulation.






2.9 Estimation of symbiotic efficiency


In this study, Relative Symbiotic Effectiveness (RSE), Absolute Symbiotic Effectiveness (ASE), and Symbiotic Potential (SP) were employed as key indices to evaluate the symbiotic efficiency of rhizobial strains (18, 19, 54). These metrics were selected because they provide integrative, plant-level assessments of nitrogen-fixing performance based on easily measurable growth parameters, particularly shoot dry weight (55). They are widely accepted in rhizobia-legume research, as these indices offer a practical and reliable estimation of rhizobial effectiveness under controlled conditions (18, 55). Moreover, they strike a balance between scientific rigor and operational feasibility, enabling effective comparison across treatments with minimal technical complexity (18). Given the scale and objectives of this study, RSE, ASE, and SP were appropriate, robust tools for capturing the functional outcomes of the symbiosis.


Relative symbiotic effectiveness percentage (RSE %): Compared the potential of rhizobia isolates against N fertilized plants (56) using Equation 1.



RSE 

%

=


SDW from isolates inoculant


N fertilized SDW


*
100


(1)


SDW: Shoot dry weight, RSE was categorized as highly effective (SE > 80%), effective (SE = 50- 80%), poorly effective (SE = 35-50% and ineffective (SE <35%).


Absolute symbiotic effectiveness percentage (ASE %): Compared the efficiency of rhizobia isolates against unfertilized and uninoculated plants (54) using Equation 2.



ASE 

%

=


SDW from isolates inoculant
−
SDW without N


SDW without N


*
100


(2)


Symbiotic performance (SP%): The performance of isolates over reference inoculants (commercial inoculants used by farmers) were tested by the formula outlined by (19) and categorized as optimal (>70%) and sub-optimal (<70%) using Equation 3.



SP

%

=


SDW from isolates inoculant
−
SDW from uninolculated


SDW from reference
−
SDW from uninolculated


*
100


(3)






2.10 Data analysis


One way analysis of variance (ANOVA) was conducted to test the effects of rhizobial isolates on nodule number, nodule dry weight, root dry weight, shoot dry weight and shoot total nitrogen concentration in faba bean and common bean using R software version 4.3.2 (57). The data were Box and Cox transformed to stabilize variances and make the dataset more closely approximate a normal distribution. Means comparisons were performed using the least significant difference (LSD) at a 5% probability level. The influences of selected soil parameters on MPN, which was transformed using log function [log10(MPN+1)], was quantified through linear regression analysis. Boxplots were generated using R software to graphically represent the distribution and variability of the data set.







3 Results





3.1 Selected soil properties of the study area


The mean bulk density values of the soils studied ranged from 0.89 g cm-3 in enset fields to 1.30 g cm-3 in grazing lands, which was optimal for most crops. Soils from faba bean-based land in Hula and Cheha were acidic, with pH values from 4.6 to 5.5. The pH of soils in common bean fields in Boricha and Hawassa Zuria ranged between 5.75 and 6.81. Exchangeable acidity ranged from 1.40 to 2.60 cmolc kg-1 across different land uses with the lowest acidity observed in enset fields and the highest in barley fields in Hula. The levels of exchangeable acidity and aluminum were higher in Hula than in Cheha, which correlated with the differences in soil pH observed between the two sites across all land uses. Soils under enset fields had higher SOC content (3.81 to 4.54%), which contributed to increased levels of TN (0.28 to 0.39%), available P (17.21 to 31.38 mg kg-1), and CEC (24.38 to 42.27 meq100g-1) compared to soils under other land use types (
Supplementary Table S2
).






3.2 Abundance of indigenous rhizobia nodulating faba bean and common bean


The abundance of indigenous rhizobia nodulating faba bean and common bean varied significantly across land uses in different locations (
Figure 2
; p<0.05). In Hula, rhizobia population for faba bean ranged from undetectable to high (>log10(103))while in Cheha they ranged from low (<log10(102)) to high (>log10(103)), regardless of land use types. Similarly, common bean rhizobia in Hawassa Zuria and Boricha ranged from low to high, irrespective of land use type. In Hula, 13.9% of the soil lacked faba bean rhizobia. Low populations were observed in 61.1% of Hula soils and 47.2% of Cheha soils. In contrast, high faba bean rhizobia populations were found in 5.6% of Hula soils and 19.4% of Cheha soils. For common bean, high rhizobia populations were detected in 40.0% of Boricha soils and 46.7% of Hawassa Zuria soils while low populations were present in 26.7% of Boricha soil and 23.3% of Hawassa Zuria soil respectively.


[image: Bar chart comparing bacterial presence in soil across different locations: Hula, Cheha, Boricha, and H/Zuria. The y-axis represents the logarithmic scale of most probable number (MPN), while the x-axis lists treatments: BR, EN, FB, GZ, PO, WH, CB, IC, and MZ. Each bar segment is labeled with letters indicating statistical significance. Additional data below chart shows percentages of soils with varying detection levels of bacteria.]
Figure 2 | 
Interaction effect of land use type and location on rhizobia number in 132 collected soils (Hula, n = 36), (Cheha, n = 36), (Boricha, n = 30) and (Hawassa Zura, n = 30). Where: BR; Barley field, EN; Enset field, FB; Faba bean field, GZ; Grazing land, PO; Potato field, WH; Wheat field, CB; Common bean field, IC; Intercropping (maize + common bean) field, MZ; Maize field. Vertical lines on bars represent S.E of the means. The letters in a bars indicate the significant differences between land use and location.






Supplementary Table S3
 presents the rhizobia populations associated with faba bean and common bean across different land use types. In Hula, the highest faba bean rhizobia population (1.7 x 103 cells g−1 soil) was found in soils from faba bean and potato fields. At Cheha the highest population (1.7 x 104 cells g−1 soil) occurred in soils under faba bean fields. Soils from barley and wheat fields in Hula showed low faba bean rhizobia populations (0–58 cells g−1 soil), while soils under enset and grazing lands exhibited low to moderate faba bean rhizobia populations. In Cheha, soils from enset (5.8 x 10¹ - 5.8 x 103 cells g−1 soil), grazing (10 - 3.1 x 103 cells g−1 soil), faba bean (1.7 x 10¹ - 1.7 x 104 cells g−1 soil), and wheat (1.7 x 10¹ - 1.7 x 103 cells g−1 soil) fields showed low to high faba bean rhizobia abundance, while soils of potato and barley fields contained low to moderate rhizobia populations (10² - 103 cells g−1 soil).


The rhizobia population associated with common beans increased in soils under maize-common bean rotation and intercropping systems (
Supplementary Table S3
). Following sole common bean fields, the highest abundance of indigenous rhizobia (>103 cells g-1 of soil) was found in the soils of intercropping fields (maize with common bean). Soils under enset and grazing land use types also harbored common bean rhizobia, though within a low to moderate range (<102 to <103 cells g-1 of soil).






3.3 Abundance of indigenous rhizobia and its association with soil properties and host crops


The abundance of faba bean and common bean nodulating rhizobia showed different associations with soil properties. Faba bean rhizobia abundance was positively associated with higher soil pH, EC, total N, and CEC (p<0.0001), but negatively associated with higher exchangeable acidity and Al+3 (p<0.0001) (
Table 1
). The top three factors responsible for low faba bean rhizobia populations were high exchangeable acidity and Al+3 and, low soil pH (
Table 1
). The abundance of faba bean rhizobia was not linked to the integration of faba bean in crop rotations (p>0.05). For common bean associated rhizobia, SOC and total N were negatively related to their population (
Table 1
), while the occurrence of the host crop in the cropping system was positively associated with rhizobia abundance (<0.0001).



Table 1 | 
Soil properties and host crops association with abundance of rhizobium populations [log10(MPN+1)] in Southern Ethiopia.




	Variables

	Faba bean

	Common bean




	R2


	
Slope


	
P-value


	Rank

	R2


	
Slope


	
P-value


	Rank






	BD
	0.0007
	0.194
	0.822
	–
	0.004
	1.270
	0.631
	–



	pH
	0.430
	1.702
	<.0001
	2
	0.015
	0.587
	0.359
	–



	EC
	0.321
	14.101
	<.0001
	4
	0.055
	6.891
	0.072
	–



	Ex. Acidity
	0.446
	-1.403
	<.0001
	1
	–
	 
	–
	–



	Ex. Al
	0.419
	-1.936
	<.0001
	3
	–
	 
	–
	–



	OC
	0.010
	0.151
	0.414
	–
	0.337
	-2.970
	<.0001
	2



	TN
	0.078
	3.692
	0.017
	6
	0.239
	-12.468
	<.0001
	3



	Available P.
	0.006
	0.014
	0.534
	–
	0.001
	0.006
	0.868
	–



	CEC
	0.295
	0.078
	<.0001
	5
	0.037
	-0.060
	0.139
	–



	Host CO
	0.0059
	0.073
	0.523
	–
	0.491
	0.592
	<.0001
	1






BD, Bulk Density; pH, soil reaction; EC, Electrical Conductivity; Ex. Acidity, Exchangeable Acidity; Ex.Al, Exchangeable Aluminium; OC, Organic Carbon; TN, Total N; P avail, Available Phosphorus; CEC, Cation Exchange Capacity; Host CO, Host crop occurrence. Rank was given based on the corresponding R-square.








3.4 Screening and presumptive test of indigenous rhizobia isolates for authentication


The absence of rhizobia in five soil samples prevented faba bean nodulation, whereas common bean rhizobia successfully formed nodules in all soil samples. As a result, 60 indigenous common bean rhizobia and 67 faba bean rhizobia isolates were obtained from various land use types in southern Ethiopia. Among these, 14 faba bean and 9 common bean rhizobia isolates were Gram positive, absorbed Congo-red in dark conditions, grew on peptone glucose agar medium (PGA), and turned yellow on keto-lactose media with Benedict’s reagent. However, true rhizobia that nodulate legumes are typically Gram negative. Therefore, based on isolate characterization and confirmatory tests, 51 common bean and 53 faba bean isolates were confirmed as true root-nodule rhizobia (
Table 2
).



Table 2 | 
Number of collected soil samples and indigenous rhizobia isolated from various location using host crops.




	Soil sample collection site

	Number of collected samples

	Number of isolated rhizobia

	Host crop






	Hula
	36
	24
	Faba bean



	Cheha
	36
	29



	Total
	72
	53



	Boricha
	30
	25
	Common bean



	Hawassa Zuria
	30
	26



	Total
	60
	51













3.5 Evaluation of symbiotic effectiveness of indigenous rhizobia isolates





3.5.1 Nodule numbers and nodule dry weight per plant


Re-inoculation of indigenous rhizobia strains isolated from various land use types highly significantly influenced nodule number and dry weight (P < 0.01; 
Supplementary Table S4
). The highest nodule number (91.0) and nodule dry weight per plant (0.093 g plant−1) for faba bean were recorded with application of 84FB and 33FB isolates, respectively (
Figure 3
). For common bean, the highest nodule number (53.0) and dry weight (0.068 g plant−1) were achieved with application of 44CB and 102CB isolates, respectively. All indigenous rhizobia isolates produced significantly higher nodule numbers and dry weights compared to uninoculated and non-N fertilized control plants (p<0.001). Compared to commercial inoculants, faba bean seeds inoculated with 84FB and common bean seeds inoculated with 102CB, 44CB, and 100CB isolates increased nodule numbers per plant (p<0.001).


[image: Four bar charts display nodulation data for Faba bean and Common bean rhizobia isolates. The top-left chart shows Faba bean nodule numbers, and the top-right chart shows Common bean nodule numbers. The bottom-left illustrates Faba bean nodule dry weight per plant and the bottom-right shows Common bean nodule dry weight per plant. Each bar represents different isolates, with error bars and statistical groupings indicated by letters above the bars.]
Figure 3 | 
Faba bean and common bean nodule number and its dry weight response to rhizobia inoculation. Notice: The graph showcases the top 10 most effective indigenous rhizobia. 
Supplementary Table S4
 details the responses of faba bean and common bean to all indigenous rhizobia. Vertical lines on bars represent S.E of the means. Different letters above the bars indicate statistically significant differences between isolates (p < 0.05).








3.5.2 Root and shoot dry weight per plant


The application of indigenous rhizobia highly significantly affected the root and shoot dry weight of faba bean and common bean (P < 0.01;
Supplementary Table S4
). Isolate 90FB produced the highest mean root dry weight of faba bean (0.555 g plant-1), while isolate 102CB resulted in the highest root dry weight for common bean (0.329 g plant-1, 
Figure 4
).


[image: Four bar charts display the dry weight per plant of faba bean and common bean roots and shoots, measured in grams. Each chart compares the effects of different rhizobia isolates on the plants, with values ranging from positive to negative controls. Error bars indicate variability, and different letters above bars signify statistical differences between groups.]
Figure 4 | 
Root and shoot dry weight of faba bean and common bean response to rhizobia inoculation. Notice: The graph showcases the top 10 most effective indigenous rhizobia. 
Supplementary Table S4
 details the responses of faba bean and common bean to all indigenous rhizobia. Vertical lines on bars represent S.E of the means. Different letters above the bars indicate statistically significant differences between isolates (p < 0.05).




The highest mean shoot dry weight of faba bean (0.92 g plant-1) and common bean (0.758 g plant-1) were recorded with 84FB and 102CB rhizobia isolates, respectively, which were slightly higher than commercial inoculant treated plant (P < 0.001; 
Supplementary Table S4
). Notably, common bean isolates 102CB and44CB, and faba bean isolates 84FB and 33FB produced higher shoot dry weight than both N-fertilized and commercial inoculated plants. Overall, the results indicate that indigenous rhizobia isolates were more effective in promoting nodulation and shoot biomass accumulation than commercial inoculants and N fertilization.






3.5.3 Shoot total nitrogen (TN%) concentration


The application of rhizobia isolates highly significantly affected the accumulation of shoot total N (P < 0.01; 
Supplementary Table S4
). Total N concentration in faba bean tissue ranged from 2.44 to 3.59%, and in common bean from 2.23 to 3.44%. The highest total N concentration was observed with isolate 33FB in faba bean and isolate 102CB in common bean (
Figure 5
).


[image: Bar charts show shoot total nitrogen concentration in faba beans (left) and common beans (right) with varying rhizobia isolates. Both charts compare different isolates, with darker colors indicating higher concentrations. Error bars represent variability.]
Figure 5 | 
Shoot total N concentration of faba bean and common in response to rhizobia inoculation. Notice: The graph showcases the top 10 most effective indigenous rhizobia. 
Supplementary Table S4
 details the responses of faba bean and common bean to all indigenous rhizobia. Vertical lines on bars represent S.E of the means. Different letters above the bars indicate statistically significant differences between isolates (p < 0.05).








3.5.4 Symbiotic efficiency indices of faba bean and common bean rhizobia isolates


The rhizobia isolates were tested for nitrogen fixation effectiveness using different symbiotic efficiency measures. The relative symbiotic efficiency (RSE) of faba bean isolates ranged from 48.5% (12FB) to 109.8% (84FB) (
Figure 6a
), while for common bean isolates, RSE ranged from 42.6% (41CB) to 102.8% (102CB) (
Figure 6b
). Among faba bean isolates, 54.7% were classified as highly effective (RSE > 80%), 43.4% as effective (50-80%), and 1.9% as poorly effective (35-50%) in comparison to the positive control (N fertilizer plants). For common bean isolates, 37.3% were highly effective, 58.8% effective, and 3.9% ineffective in terms of nitrogen fixation efficiency.


[image: Four bar charts compare percentages across different codes. Chart (a) displays RSE and ASE percentages, with a mix of green and blue bars. Chart (b) shows similar data in varying proportions. Chart (c) and (d) focus on SP percentage with brown bars, showing a rising trend across codes. Each chart sorts data by code on the x-axis, revealing distribution differences.]
Figure 6 | 
Mean relative symbiotic efficiency (RSE) and absolute symbiotic efficiency (ASE) of faba bean (a) and common bean rhizobia isolates (b) and symbiotic performance (SP) of the 53 and 51 indigenous rhizobia isolates of faba bean (c) and common bean (d). The mean values are calculated from triplicate pots.




The absolute symbiotic efficiency (ASE) of faba bean inoculated with rhizobia isolates varied from ineffective to highly effective in fixing atmospheric nitrogen, compared to uninoculated plants. Specifically, 77.4% of faba bean isolates were classified as highly effective, 15.1% as effective, 5.7% as poorly effective, and 1.9% as ineffective in atmospheric nitrogen fixation (
Figure 6a
). For common bean isolates, 62.8% were highly effective, 31.4% effective, 2.0% poorly effective, and 3.9% ineffective compared to the uninoculated plants (negative control) (
Figure 6b
).


The mean symbiotic performance (SP) indicated that 50.9% of the inoculated faba bean isolates showed optimal SP (SP>70%), while 49.1% showed sub-optimal SP (SP<70%) (
Figure 6c
). Similarly, 58.8% and 41.2% of the inoculated common bean isolates showed optimal and sub-optimal SP, respectively, when compared with commercial inoculants (
Figure 6d
).







3.6 Variability in nodulation and plant growth induced by rhizobia from soils subjected to different land use types


Our results showed that the mean number of nodules per plant (NNPP) and shoot dry weight of faba bean induced by isolates from different land use types did not significantly vary, unlike nodule dry weight (P > 0.05: 
Figures 7a, c, e
). However, there was a considerable variability among isolates across land use types in inducing faba bean nodulation and its dry weight. The boxplots indicated high variability among isolates from the same land use types in forming the number of nodules per plant.


[image: Six box plots compare different land uses on nodules per plant, nodule dry weight, and shoot dry weight. Each plot shows measurements for various crops, indicating variability and differences between groups with significance indicated by letters above each box.]
Figure 7 | 
Boxplots showing the nodule numbers on faba bean (a) and common bean (b); nodule dry weight on faba bean (c) and common bean (d); shoot dry weight of faba bean (e) and common bean (f) inoculated with indigenous rhizobia isolates from various land uses. Lines in the box indicate the median; box limits indicate the lower and upper quartiles. Mean values shared the same lower-case letters on each box plot are not significantly different at 5% probability level based on Bonferroni pair wise comparison of means. BR, Barley field; EN, Enset field; FB, Faba bean field; GZ, Grazing land; PO, Potato field; WH, Wheat field; CB, Common bean field; IC, Intercropping (maize + common bean) field; MZ, Maize field.




The number of nodules formed by isolates from soils of grazing land, wheat, and potato fields showed high variability, with interquartile ranges of 47.0, 48.4, and 39.9 nodules per plant, respectively. In contrast, isolates from soils under faba bean, enset, and barley fields exhibited comparatively lower variability, with interquartile ranges of 30.3, 24.0, and 17.7 nodules per plant, respectively (
Figure 7a
). Isolates from faba bean field soils also showed wide variation in nodule numbers, ranging from 18 (88FB) to 76 (84FB) (
Figures 3
, 
7a
). Nodule dry weight variability followed a similar trend to that of nodule number across different land use types (
Figure 7c
).


The mean values of nodule traits and shoot dry weight of common bean induced by isolates from different land use types varied significantly (P < 0.05; 
Figures 7b, d, f
). Nodule numbers of common bean (NNPP) formed by isolates from intercropped field soils showed a higher interquartile range (19.2 NNPP) compared to the isolates obtained from soils under grazing, enset land, common bean, and maize fields (
Figure 7b
). Isolates from intercropped fields also exhibited considerable variability in nodulation, ranging from 2.7 to 52.7 NNPP, with a mean of 30.4 NNPP (
Figure 7b
). Nodule dry weight of common bean followed a similar trend to NNPP across different land use types (
Figure 7d
).


Faba bean shoot dry weight was influenced by rhizobia isolates obtained from soils of grazing land, which showed the highest interquartile range (0.22 g plant−1), followed by isolates from wheat and potato field soils (both 0.17 g plant−1), compared to the smaller interquartile range observed for barley field soil isolates (0.09 g plant−1) (
Figure 7e
). However, isolates from faba bean field soils promoted high plant growth, with shoot biomass ranging from 0.57 to 0.92 g plant−1, particularly isolates 8FB and 84FB yielding a mean shoot dry weight of 0.72 g plant−1 (
Figures 4
, 
7e
).


The common bean data showed high variability in shoot dry weight induced by isolates from soils under enset, as indicated by a relatively high interquartile range, followed by isolates from intercropping field soils (
Figure 7f
). In contrast, isolates from soils of common bean fields exhibited less variability, with a smaller interquartile range of 0.074 g plant−1 shoot dry weight. The highest shoot dry weights in soils from common bean fields ranged from 0.42 to 0.76 g plant−1, induced by isolates 105CB and 102CB, respectively. However, the highest overall mean shoot dry weight (0.61 g plant−1) was obtained for isolates from intercropping field soils (
Figure 7b
).







4 Discussion





4.1 Effect of land use/cropping system and soil property on rhizobia abundance


The results indicate that rhizobia abundance was significantly influenced by both land use types/cropping systems and soil properties. Land use types, particularly enset fields and grazing lands showed a marked decrease in rhizobia populations compared to legume fields. Soils from wheat, barley and potato field soils also showed very low faba bean rhizobia populations relative to those from faba bean fields. Similarly, rhizobia population associated with common bean were significantly lower in soils under maize and potato compared to common bean fields. These findings suggest that the continuous cultivation of non-legume crops such as barley, wheat, potato, and maize negatively affects the abundance of rhizobia. This is further supported by the positive correlation observed between the presence of host legumes and rhizobia populations.


The type of crop grown was identified as key factors influencing rhizobia abundance. Notably, the presence of host legumes was positively correlated with higher rhizobia populations, supporting the hypothesis that indigenous rhizobia, particularly those associated with common bean, thrive in such soils and may reduce the need for external inoculants. In contrast, soils planted with non-leguminous crops, such as enset, grass and cereals exhibited significantly lower rhizobia abundance, likely due to the absence of symbiotic relationships. However, the inclusion of legumes in cropping systems can significantly boost rhizobia populations through their symbiotic relationships with host plants, as shown in previous studies (19, 21). When a particular legume is cultivated continuously over multiple years, the rhizobia species that form successful symbiotic relationships with that legume are likely to become more abundant, as they adapt and proliferate in response to the consistent presence of their host (58). Consequently, the high rhizobia populations observed in common bean production areas can be attributed to the integration of legumes in the cropping systems, which promotes the growth and persistence of rhizobia through these beneficial symbiotic interactions (21, 22, 59).


In contrast, the soils under enset, grazing land, and cereal crops, where legumes are absent, exhibited significantly lower rhizobia abundance, likely due to the lack of symbiotic relationships. In such environments, rhizobia rely on free-living survival, which leads to slower growth rates and reduced population sizes (60–63). Additionally, non-leguminous plants provide minimal benefit to rhizobia, contributing to a natural decline in their populations over time (64). Therefore, land management practices such as crop rotation and intercropping with legumes can enhance rhizobia abundance, while cereal monocropping may lead to a reduction in these beneficial bacteria. In our study, fields intercropped with common bean exhibited higher rhizobia populations compared to those with sole maize cropping.


Moreover, continuous cultivation of cereal crops can suppress rhizobia populations due to factors such as soil compaction, nutrient depletion, and low organic carbon levels (21, 22, 59). Our study found that several soil properties particularly pH, exchangeable acidity, exchangeable Al, EC, OC, TN, and CEC significantly influenced rhizobia abundance. Notably, we observed a positive correlation between soil pH, EC, TN, CEC with rhizobial populations, while a negative correlation was found with exchangeable acidity and Al. Soil pH emerged as a key factor, with acidic soils (pH < 5.5) generally exhibiting reduced rhizobia populations. This aligns with prior research indicating that low pH conditions can disrupt rhizobial metabolism and cell membrane function, reduce bacterial survival, and interfere with the nodulation process (64, 65). Additionally, acidic soils often contain elevated levels of exchangeable acidity and Al, which is toxic to both rhizobia and host plant roots (66, 67). Aluminum can damage root tips and inhibit infection thread formation, thereby limiting effective symbiosis and nitrogen fixation (67, 68).


Low soil pH is a major factor that exacerbates Al toxicity, significantly impairing rhizobia survival and symbiotic efficiency. In acidic soils (pH < 5.5), aluminum becomes more soluble, leading to increased concentrations of phytotoxic Al3+ ions in the soil solution (69, 70). These ions can damage rhizobial cell membranes, disrupt enzymatic processes, and interfere with the uptake of essential nutrients such as P, Ca, and Mg (71). Moreover, aluminum toxicity adversely affects root hair development an essential step for successful rhizobial infection and nodulation by inhibiting root elongation and causing abnormal root morphology (74). Even when nodulation occurs under acidic conditions, aluminum stress can impair nodule function and reduce nitrogenase activity, leading to diminished biological nitrogen fixation (72, 73). As such, the combined effect of low pH and high aluminum availability creates a hostile soil environment that limits rhizobia proliferation, root colonization, and the establishment of effective legume–rhizobia symbioses.


To ensure the efficiency of legume-rhizobia symbiosis, rhizobia have evolved several mechanisms to mitigate the detrimental effects of low pH and Al toxicity. Rhizobia have developed adaptive acid tolerance responses (ATR), primarily regulated by two-component systems such as actR/S and chvI/exoS/exoR. These systems modulate the production of exopolysaccharides (EPS), notably succinoglycan, which play a crucial role in maintaining cell wall integrity and facilitating effective nodulation under acidic conditions (75, 76). Additionally, the synthesis of glutathione, an antioxidant, is upregulated under acidic stress, aiding in the maintenance of cytoplasmic pH (77). Aluminum toxicity, prevalent in acidic soils can disrupt cellular membranes and inhibit DNA replication. To counteract these effects, rhizobia produce EPS and siderophores, which chelate Al3+ ions, reducing their uptake and mitigating toxicity. Furthermore, Al exposure induces oxidative stress; thus, rhizobia enhance the expression of antioxidant enzymes such as superoxide dismutase and catalase to neutralize reactive oxygen species and protect cellular components (67, 78, 79). Al tolerance in symbiotic rhizobia is also attained via induction of efflux pumps resistant to heavy metals and the expression of metal-inducible (dmeRF) gene clusters in symbiotic Rhizobiaceae (67). Understanding these adaptive mechanisms is vital for developing rhizobial inoculants tailored to thrive in acidic and Al-toxic soils. Selecting or engineering strains with enhanced ATR and Al tolerance can improve the efficacy of biological nitrogen fixation, thereby promoting sustainable agricultural practices in challenging soil environments (67).


Moreover, EC is a proxy for salinity and measure of soluble salts, was associated with rhizobia abundance across sites. Moderate EC levels may indicate sufficient ionic nutrients, but high EC can signal salinity stress, which can inhibit both rhizobia and host plant performance. High salinity can cause osmotic stress in rhizobia, disrupting cell membrane integrity and metabolic processes (80, 81).


In contrast, higher levels of OC and TN were positively associated with rhizobia abundance. OC serves as a critical energy source for microbes, supporting microbial biomass and promoting favorable soil structure and moisture retention, which are conducive to rhizobia survival and activity (82). In addition, lower OC content restricts the energy supply required for the growth and metabolism of rhizobia, hindering their ability to establish and sustain symbiotic relationships with leguminous plants (83, 84). TN, particularly in the form of soil organic matter, also reflects greater microbial turnover and biological activity, creating a more favorable microenvironment for rhizobia proliferation.


Furthermore, cation exchange capacity (CEC) was positively correlated with rhizobia abundance. Soils with high CEC can retain essential cations such as calcium (Ca2+), magnesium (Mg2+), and potassium (K+), which not only improve nutrient availability for plant growth but also support rhizobial functioning and nodulation processes. These nutrients play direct roles in nodule formation, nitrogenase activity, and signaling between the host plant and rhizobia. These findings support the hypothesis that soil properties significantly influence the growth and function of rhizobia populations. Soils with optimum nutrient levels and favorable characteristics tend to support higher rhizobia populations (19, 85).


For instance, nearly neutral pH, high OC content, and a balanced nutrient profile create an environment conducive to rhizobia survival and proliferation. Conversely, lower soil pH, reduced OC, and total N levels, and elevated exchangeable acidity and aluminium content, negatively impact rhizobia populations, particularly in faba bean rhizobia. The combined effect of these factors creates a challenging environment that inhibits rhizobia growth and reduce rhizobia abundance (19, 22). These interactions suggest that the combined effect of soil properties play a crucial role in regulating rhizobia abundance and activity.


Overall, these findings demonstrate that the abundance and efficiency of indigenous rhizobia are closely linked to the chemical environment of the soil. Effective legume-rhizobia symbiosis depends not only on the presence of compatible strains but also on favorable soil conditions that enable nodulation and biological nitrogen fixation. This underscores the importance of integrating soil health management particularly addressing pH and aluminum toxicity into rhizobia inoculation strategies to enhance legume productivity and soil fertility in Ethiopian farming systems.


Land-use comparisons further revealed that soil nutrient levels in cultivated fields such as those used for wheat, barley, potato, faba bean, common bean, and maize were lower compared to enset and grazing lands. Conversely, exchangeable acidity, and exchangeable Al were higher in cultivated fields than in enset and grazing lands. These changes adversely affected rhizobia populations as previously reported (24, 86, 87). These findings support our hypothesis that soil stress negatively impacts the response of faba bean to rhizobia inoculation in production areas. Moreover, they reinforce the observation that legumes show minimal responses to rhizobia inoculation in soils with low pH and high levels of exchangeable acids and aluminium (67, 88). Overall, management strategies such as rotating and intercropping legumes with cereals, while maintaining OC and pH levels, can enhance rhizobia populations, improve soil fertility, and increase crop productivity (21, 22).






4.2 Effects of land use/cropping system and soil properties on symbiotic efficiency of indigenous rhizobia


Our analysis revealed that the inoculation with indigenous rhizobia isolates significantly enhanced nodulation, shoot dry weight, and shoot TN accumulation in both faba bean and common bean plants compared to uninoculated controls. These results suggest that the indigenous isolates exhibit high symbiotic efficiency, promoting greater N fixation and improving overall plant performance. Notably, the indigenous rhizobia isolates of faba bean (84FB and 33FB) and common bean (102CB and 44FCB) outperformed both commercial strains and N fertilizers, highlighting their potential as a cost-effective and sustainable alternative for improving legume productivity in cropping systems (89, 90). These findings align with previous research demonstrating the potential of locally adapted rhizobia to enhance plant growth under specific environmental conditions (91, 92). This effectiveness can be attributed to the strong compatibility between rhizobia and host legumes, superior competitiveness for nodule formation, and the co-evolved symbiotic efficiency developed over time (93–96).


The symbiotic efficiency indices revealed that most inoculated indigenous rhizobia isolates exhibited both relative symbiotic efficiency (RSE) and absolute symbiotic efficiency (ASE) greater than 50% compared to the N-fertilized plants and uninoculated plants. Notably, half of the isolates showed optimal performance (>70%) when compared to commercial inoculants. As hypothesized, these findings suggest that the soils of the study area harbor effective indigenous rhizobia capable of competing with commercial strains. The competitiveness of introduced rhizobia was influenced by the existing indigenous population. Specifically, indigenous rhizobia populations exceeding the threshold >10² cells g-1 soil, when coupled with high symbiotic efficiency, can lead to inconsistent responses to inoculation (37, 97). While a high rhizobia population indicates the potential for effective symbiotic nitrogen fixation, it does not guarantee it, as strains competitiveness can vary significantly (34). Therefore, it is recommended to assess both the competitiveness and effectiveness of indigenous rhizobia in addition to population enumeration (98).


The inconsistent response of legumes to rhizobia inoculation and the limited adoption of inoculants can be attributed to the presence of abundant indigenous rhizobia with high symbiotic efficiency in the soils of common bean production areas, specifically in Boricha and Hawassa Zuria. While soils in Hula and Cheha commonly used for faba bean cultivation also harbored rhizobia with high symbiotic efficiency, their population sizes were insufficient to support optimal N fixation. This discrepancy may be linked to adverse soil factors, such as low pH and high aluminium concentrations, which negatively affect rhizobia abundance and effectiveness (30, 99). Overall, the results of this study highlight the importance of evaluating indigenous rhizobia populations before relaying on commercial inoculants. Understanding the abundance, composition, and symbiotic performance of native rhizobia can lead to more targeted and efficient inoculation strategies tailored to specific local conditions. This approach ensures the use of rhizobia strains that are well-suited to the existing soil, thereby enhancing the success and sustainability of biological nitrogen fixation.


The highest common bean rhizobia population (>102 cells g-1 soil), particularly found in common bean-maize intercropping fields, showed strongest competitiveness against commercial inoculants, thereby reducing the crop’s response to inoculation in terms of nodulation, shoot dry matter and TN accumulation. When the population of effective indigenous rhizobia exceeds a threshold (>10² cells g-1 of soil), legumes often show no significant response to inoculation (33, 37). Conversely, although the indigenous rhizobia capable of nodulating faba beans in its production areas were effective in nitrogen fixation, their population was below the required threshold. This suggests that, while these rhizobia are efficient at converting atmospheric N into a plant-usable form, their limited population may constrain the overall N fixation capacity (33, 34, 37). The presence of these effective yet low-abundance indigenous rhizobia indicate a potential benefit from introducing external inoculants to boost nitrogen fixation and support faba bean growth. In general, indigenous rhizobia populations associated with faba bean grown in acidic soils exhibited reduced symbiotic efficiency, suppressed nodule formation, and lower rhizobial persistence, consistent with earlier studies (69, 99, 100).







5 Conclusions


This study highlights the significant variation in rhizobia populations across different land use types and cropping systems, as well as their crucial role in improving legume productivity through symbiotic N fixation. The findings revealed that the rhizobia population associated with common beans was not only abundant but also highly effective in enhancing N fixation in soils. This suggests that the natural presence of common bean indigenous rhizobia can effectively support nitrogen fixation without the need of external inoculation. In soils where effective rhizobia are abundant, it is essential to adopt sustainable farming practices, such as crop rotation and intercropping. These practices can help preserve and enhance the natural rhizobia population, reducing the dependence on commercial inoculant. Conversely, the effective rhizobia population associated with faba bean was found to be low, indicating the necessity of inoculating faba beans with rhizobia that are well-adapted to local soil conditions. Despite this, the various land use types and cropping systems in the study area harbored effective rhizobia populations, demonstrating their potential to sustain these beneficial microorganisms. Indigenous rhizobia isolates from faba beans (33FB and 84FB), and common bean (44CB and 102CB), outperformed both commercial strains and N-fertilized plants. This highlights the potential of indigenous rhizobia as valuable resources for improving legume productivity and soil fertility. Therefore, in areas with low indigenous rhizobia populations, further research is needed to evaluate the potential of promising indigenous rhizobia isolates, alongside commercial inoculants across diverse soils and agroecological conditions. Such studies should focus on assessing the persistence, stability, and competitiveness of these indigenous strains for successful integration into existing cropping systems. Overall, this study underscores the significant potential of indigenous rhizobia to enhance legume productivity and soil fertility, offering a sustainable alternative and reducing reliance on commercial inoculants.
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