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Abstract

:

Soils in the high jungle region of Peru continuously face erosion due to heavy rain, which leads to significant nutrient losses. Leguminous plants may provide a sustainable solution to this problem due to their ability to fix atmospheric nitrogen with the help of symbiotic rhizospheric microbes that reside in their root nodules and help restore soil fertility. The aim of this study was to isolate native rhizobial strains that can form functional nodules in red kidney beans to help improve their growth, development, and yield in field conditions. Rhizobium strains were isolated from soil samples collected from coffee fields using bean plants as trap hosts. The strain RZC12 was selected because it showed good root nodule promotion and a number of PGPR (plant-growth-promoting rhizobacteria) attributes. In the field, bean plants inoculated with the strain RZC12 and co-cultivated with coffee plants produced approximately 21 nodules per plant, whereas control plants produced an average of 1 nodule each. The inoculation with RZC12 significantly increased plant length (72.7%), number of leaves (58.8%), fresh shoot weight (85.5%), dry shoot weight (78%), fresh root weight (85.7%), and dry root weight (82.5%), compared with the control. The dry pod weight produced by the plants inoculated with RZC12 was 3.8 g, whereas the control plants produced 2.36 g of pods. In conclusion, RZC12 is a promising strain that can be used in field conditions to improve the overall productivity of red kidney beans.
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1. Introduction


Over the last 50 years, the human population has rapidly increased, placing enormous pressure on the agricultural sector to increase its productivity. It is estimated that, by the year 2050, 70% more (from the current levels) food grains and other food products will be needed to feed the entire global population [1]. Recently, farmers have widely adapted the use of fertilizers and other agrochemical products to overcome soil nutritional deficiencies, meet the increasing demand for food products, and increase their revenue [2,3]. Among the various soil nutrients needed for optimum plant growth, nitrogen is considered to be the most important and most limiting. Proper supply management and practices for efficient usage of this particular macronutrient are necessary to improve crop productivity and yield, especially in agricultural fields suffering from its deficiency [1,4,5]. However, the extensive use of chemical fertilizers to achieve high agricultural productivity is a major contributor to soil, water, and atmospheric pollution. As is widely acknowledged, the most important challenge of this century is to increase the productivity and yield of major staple crops in an environmentally friendly, sustainable way with minimum water wastage, while utilizing the resources at our disposal to their maximum potential [6,7,8].



Soil erosion due to excessive rainfall is a very common natural phenomenon in the high-altitude forests of Peru. This phenomenon causes soil impoverishment and subsequently leads to reduced soil fertility. Sustainable agriculture, therefore, is a much-needed approach. This challenge gives agricultural lands an opportunity to recover from nutrient losses and helps restore soil fertility. Growing legumes improves overall soil quality and increases fertility through biological nitrogen fixation [9,10]. The major atmospheric-nitrogen-fixating organisms known are of the genus Rhizobium. The members of this genus live in a symbiotic association with plants and play an important role in increasing crop yield, especially in nitrogen-deficient soil. Rhizobium–legume symbiosis has been extensively studied and explored to improve soil fertility. This association benefits the legume crops and the crops co-cultivated with them [11,12,13,14]. Microbes from the genus Rhizobium are known to have the ability to capture atmospheric nitrogen by reducing it enzymatically into ammonia within the root nodules and make it readily available to the plant for their growth and development. Some rhizobia are also reported to exhibit plant-growth-promoting features, such as inorganic phosphate solubilization, indole acetic acid (IAA), cytokinins, gibberellins, and iron transportation, among others.



Phaseolus vulgaris var. red kidney was introduced into Peru by the Bean Program in the 1960s after extensive field trials were carried out in the Urubamba Valley in Cusco, Peru. This plant species is now being cultivated in more Central American countries, suggesting that it has adapted to warm climates [15,16]. At the same time, coffee is among the most important economic crops primarily cultivated in the high jungle region of Peru. Coffee is a long-term plant, and it only begins to generate profits for farmers after three years of cultivation, when the berries are produced. In this context, the cultivation of Phaseolus vulgaris var. red kidney bean inoculated with native strains of Rhizobium, grown together with coffee plants, gives farmers a sustainable alternative to increase their income, while helping to overcome soil nitrogen deficiency. The aim of our study was to isolate and characterize native Rhizobium strains from the functional nodules of P. vulgaris var. red kidney bean plants cultivated along with coffee plants in the Chanchamayo region of Peru and to develop them as potential bio-inoculants to increase the yield of bean plants.




2. Materials and Methods


2.1. Soil Sampling


Soil samples were collected from the coffee fields located in the Peruvian region known as “Selva Alta” in areas originally occupied by tropical premontane (submontane, foothill) forests. Two zones were sampled: the Genova-IRD Selva station in Chanchamayo (11°5′41″ S, 75°21′50″ W) at 1200 m above sea level and the San Jose station, Villa Rica, in the center of San Miguel de Eneñas, Oxapampa, Pasco (10°44′49″ S, 75°12′44″ W), located 1484 m above sea level (Figure S1). The annual average precipitation in Chanchamayo is 2000 mm, and the maximum and minimum temperatures are 30.1 °C and 16.7 °C, respectively, with relative humidity ranging from 70% to 95%. Villa Rica has an average annual rainfall of 1978 mm. Its maximum temperature is 26.8 °C, and the minimum temperature is 10.6 °C, with a relative humidity ranging from 55% to 90%. Five healthy, average-sized coffee plants were collected at each location. Each plant was completely extracted with 1 kg of soil adjacent to its root. Soil samples for physicochemical analysis were sent to the testing laboratory for soils, plants, water, and fertilizers at Universidad Nacional Agraria La Molina. The analysis samples were air-dried and sieved in a 2 mm mesh sieve. Sand, silt, and clay percentage were determined using the hydrometer method. Soil salinity was determined by measuring the electrical conductivity of the liquid extract in a 1:1 soil/water ratio. The pH was established in a ratio 1:1 (soil:water) using a potentiometer. The common gas–volumetric method was used to determine carbonate (CaCO3). The organic matter (OM) was measured by the Walkley and Black method (potassium dichromate oxidation). The available phosphorous was extracted from the soil with 0.5 M NaHCO3 solution adjusted to pH 8.5 using a procedure modified from Olsen method. The K+ exchangeable base was determined by the extraction with NH4OAC adjusted to pH 7.0 followed by quantification using atomic absorption [17].




2.2. Rhizobia Isolation


Coffee rhizospheric and non-rhizospheric soil samples (Table 1) were used to isolate Rhizobium strains with P. vulgaris var. red kidney bean as a trap host. Surface-sterilized seeds were sown in pots containing sampled soils and maintained at 25 °C. After 25 d, plant growth parameters, including height, fresh and dry weight of root and aerial parts, number of flower buds, and number of nodules, were evaluated. Root nodules were separated from the roots, dehydrated in sterile microtubes using silica gel, and stored from 2 weeks at 5 °C [18].



For rhizobia isolation, nodules were hydrated for 30 min in distilled water. Then, they were disinfected by soaking them in alcohol 70% for 1 min and in 3% sodium hypochlorite for 3 min. Finally, the nodules were rinsed 5 times in sterile distilled water. Then, nodules were crushed in 100 μL of 0.85% saline solution 8. Suspensions were spread-plated on CRYEM (Congo red yeast extract mannitol) agar [19], and the plates were incubated at 28 °C for 10 d. Colonies of rhizobia were identified by their typical appearance (i.e., white, glistening, elevated, showing entire margins, and low or no absorption of Congo red) [19,20]. Isolates were individually analyzed by Gram staining, purified by sub-culturing, and cryopreserved in 16% v/v glycerol–YEM broth at −80 °C [21].




2.3. Phosphate Solubilization


Strains were grown to OD600 = 0.3 (~108 CFU/mL) in the YEM (yeast extract mannitol) broth. A 5 µL drop of each strain culture was spotted onto plates of NBRIP medium [22] and on the same medium with tricalcium phosphate (Ca3(PO4)2) substituted by the same quantity of dicalcium phosphate (CaHPO4) or hydroxyapatite (Ca5(PO4)3(OH)). Plates were incubated at 28 °C for 15 d. Colony and halo diameters were measured, and the results are expressed in terms of RSE (relative solubilization efficiency) determined by the following formula: solubilization diameter/growth diameter × 100% [23]. The assay was repeated twice with three replicates.




2.4. Indole Acetic Acid Production


IAA (indole acetic acid) production was estimated colorimetrically using Salkowski reagent [24,25]. Strains were grown in 3 mL of the YEM broth [18] supplemented with 5 mM L-tryptophan for 48 h at 28 °C. Each bacterial concentration was adjusted to 108 CFU/mL. A 500 μL aliquot of each culture was taken and centrifuged at 12,000 rpm for 5 min. Supernatants were transferred to sterile test tubes, mixed with Salkowski reagent (1:4), and incubated for 30 min in the dark at room temperature. The appearance of a reddish color was considered a positive result and was measured at 530 nm. IAA concentration was calculated from an adjusted calibration curve with a maximum concentration of 50 ppm. The experiment was repeated twice with three replicates.




2.5. Rhizobia Authentication


The ability of the strains to infect plants of the original host and to form functional nodules was determined. Seeds were surface-sterilized as described earlier and allowed to germinate at 25 °C in sterile Petri dishes containing a wet filter paper [18]. After 2 d, seedlings were aseptically transferred to tubes with polypropylene beads supplemented with a nitrogen-free nutrient solution [26]. The positive control only was supplemented with a nutrient solution with nitrogen. Rhizobial strains were inoculated in treatment seedlings. The negative control was inoculated with the YEM broth without bacteria, and the positive control was supplemented with a nutrient solution containing 0.05% of KNO3 as a nitrogen source. Plants were harvested after 25 d of growth. The agronomic parameters of the fresh and dry weight of shoots, roots, and pods were recorded. The numbers of leaves, flowers, pods, and nodules were also documented. Pink-colored root nodules were considered functional nitrogen-fixing nodules. The experiment used five plants per treatment.




2.6. Plant Assays under Controlled Conditions


Based upon the previous tests, two bacterial strains were selected for further plant assays. Strains were grown on YEM agar plates at 28 °C for 48 h. Inoculum was prepared by collecting bacterial growth from the Petri dishes and suspending it in a 0.85% saline solution. The concentration was adjusted until a concentration of 108 CFU/mL was obtained. Seeds were disinfected as described earlier and soaked in the bacterial inoculum solution for 30 min. Control seeds were exposed to the saline solution (0.85%) for the same length of time. Seeds were allowed to germinate in Petri dishes as described earlier. Seedlings were transferred to pots with sterile sand and maintained at controlled conditions of temperature (24 °C), humidity (80%), and a photoperiod of 16 h of light and 8 h of darkness, for 50 d. After 50 d, the plants were harvested, and agronomical parameters, such as shoot and root length and weight, were evaluated. The experiment was repeated twice with ten plant replicates per treatment.




2.7. Molecular Characterization


Genomic DNA from strain RZC12 was extracted with an AxyPrep Bacterial Genomic DNA Miniprep Kit (Axygen Scientific, USA) in accordance with the manufacturer’s instructions. The PCR amplification of 16S ribosomal RNA was performed using primers fD1: (5′-CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG-3′) and rD1: (5′-CCCGGGATCCAAGCTTAAGGAGGTGATCCAGCC-3′) [27]. The program used for PCR amplification included the following steps: initial denaturation at 94 °C for 3 min, followed by 30 cycles at 94 °C for 1 min, annealing at 55 °C for 45 s, and extension at 72 °C for 1.5 min, and then final extension at 72 °C for 5 min using an Eppendorf thermocycler (Eppendorf AG, Hamburg, Germany). The amplified fragments were purified with the AxyPrep PCR Cleanup Kit (Corning Life Sciences, Tewksbury, MA, USA) in accordance with the manufacturer’s instructions and subsequently sequenced by a commercial service (Macrogen Inc., Seoul, Korea). The strain sequence was identified through a search of the NCBI database [28]. Related sequences were retrieved from the Genbank database, and a multiple alignment was generated using Clustal X2 [29]. A phylogenetic analysis was performed using the neighbor-joining method using the software MEGA 11 [30].




2.8. Field Trial


A selected strain was evaluated in a field trial. This strain was grown in the YEM broth for 48 h until a concentration of ~108 CFU/mL was obtained. Bean seeds were uniformly mixed with the inoculum, dried in the shade for 30 min, and planted in rows located between Coffea arabica plants. The experiment was set up in a field plot of 14 × 8 m2 and with a 1.5 m configuration of row space. Coffee plants were planted at 1 m2 spacing and co-cultivated with common bean var. Red kidney. The bean experiment comprised 4 rows. A total of 20 plants were sown per row considering that two bean seeds were sown per hole at a spacing of 30 cm. RZC12 and control treatments were sown in alternating rows. The control treatment used seeds mixed with the sterile YEM broth. Bean plants were harvested 60 d after sowing. Three plants per row were uprooted from the plot for agronomic characteristics’ evaluation, such as plant height, pod number, and fresh and dry weight of aerial and root portions. The experiment was performed using 12 replicates per treatment.




2.9. Statistical Analysis


Statistical analysis was performed using the Statgraphics Centurion XIX software. Data were analyzed using analysis of variance (ANOVA). Where the F values were significant, comparisons of means analysis was applied using the least significance test (LSD) at the 0.05 probability level (p < 0.05).





3. Results


3.1. Soil Analysis


A3 and B3 samples belong to the same coffee field, while A1 and B1 correspond to an adjoining coffee field. Additionally, C is another field close to the other ones but without plants. All of them share the same coordinates because of their proximity. The physicochemical characterization of Chanchamayo soil samples revealed that they were moderately acidic, with pH values ranging from 4 to 5, had a moderate level of organic matter, and were of a sandy loam texture. The conductivity values showed that samples B1 and A3 had very low salinity, whereas samples C and B3 had slightly higher values. By contrast, the soil samples collected from Villa Rica were strongly acidic, with a pH of 3.5, and were non-saline, with a loam texture and a moderate level of organic matter (Table 1).



Beans used as trap plants in B1 soil samples (Table 2) showed higher numbers of functional nodules than plants grown in other soils (Figure 1).




3.2. Isolation of Rhizobia


Most nodules recovered from soils A3 and B3 were non-functional. Plants grown in soil samples A2 and B2, collected in Villa Rica, were devoid of nodules. Bean plants cultivated in soil B1 had relatively higher root and shoot lengths, fresh and dry weights, and numbers of leaves and flower buds than plants grown in the other soils, in agreement with their nodulation profiles.



Only samples from Chanchamayo were selected for rhizobia isolation because they developed effective pink nodules compared with samples from Villa Rica. A total of 11 strains were isolated from the nitrogen-fixing root nodules obtained in the plant trap assays. All isolates were Gram-negative. Colony morphology and color on CRYEM agar plates were non-uniform; the color varied from cream to light pink, whereas the colony size varied from 1 mm to 4.5 mm after 3 d of growth (Figure 2). All strains produced mucoid colonies with high amounts of exopolysaccharides.




3.3. Plant Growth Promotion Ability


The results of PGPR activities are summarized in Table 3. The qualitative analysis of phosphate solubilization showed that all strains, except RZC10, could solubilize dicalcium phosphate, tricalcium phosphate, and hydroxyapatite. RZC10 failed to produce a halo in the presence of tricalcium phosphate as a substrate. Strains were better adapted to solubilizing hydroxyapatite in comparison with the other phosphate sources. All strains could produce IAA at high concentrations. Among all the isolates, RZC12 and RZC17 produced IAA in large amounts: 48.9 and 41.4 ppm, respectively.




3.4. Authentication Assays


All 11 strains could nodulate bean plants (Table 4); however, most nodules were found to be non-functional. Strains RZC12, RZC13, and RZC17 could produce functional nodules. Inoculation with strain RZC12 induced the maximum formation number of functional nodules compared with other strains (Figure 3).



Plant growth parameters, such as shoot and root fresh weight, showed significant increases in plants inoculated with the tested strains in comparison with the negative control. The maximum root fresh weight (1.28 g) and root and shoot dry weight (0.105 and 0.281 g, respectively) were recorded in the case of inoculation with RZC12. RZC12 was able to increase fresh root weight (0.105 g) compared with the control (0.061 g). StrainsRZC2, RZC3, RZC5, RZC6, RZC12, RZC17, RZC18, and the control (N+) displayed better effects on dry aerial weight compared with the non-inoculated N-control (Table 4).




3.5. Plant Assay under Laboratory Conditions


Based on the IAA production, phosphate solubilization, and nitrogen-fixing nodule formation results, two strains were selected to evaluate their effects on bean plants under controlled conditions. The inoculation resulted in a significant increase in aerial length and functional nodule formation (Table 5). Shoot length with RZC12 and RZC17 were 41.77 and 40.04 cm, respectively, and it was 34.7 cm in the control. RZC12 was able to induce nodule formation better than RZC17. It also had higher shoot and root dry weight compared with the control.




3.6. Field Experiment


RZC12 was selected for a field experiment based on the in vitro and in vivo results. The results clearly demonstrate that RZC12 can improve various agronomic parameters of Phaseolus vulgaris var. red kidney bean (Figure 4) when it is cultivated alongside coffee plants. Significant increases in shoot length, leaf number, and nodule number were observed in plants inoculated with the Rhizobium strain in comparison with the control (Table 6).



Moreover, aerial fresh weight, fresh root weight, shoot dry weight, and root dry weight showed increases of 85.5%, 78%, 85.7%, and 56.9%, respectively, in comparison with the control plants. Significant differences in bean dry pod weight (3.8 g/plant) were also observed as compared with that of the control (2.36 g/plant).




3.7. Phylogenetic Analysis of the Strain


A comparison of the 16S rRNA gene of the RZC12 strain against type strains of bacterial species recorded in the NCBI database showed a 99.71% identity with Rhizobium vallis NR_116835.1. The strain 16S rRNA sequence had a length of 1362 bp and was deposited in NCBI database under accession number MN607599. The phylogenetic tree shows that strain RZC12 was also clustered with Rhizobium vallis (Figure 5).





4. Discussion


Legumes can form a positive symbiotic relationship with nitrogen-fixing soil bacteria called rhizobia. The rhizobium–legume is a well-known model system that requires a complex signal exchange between both organisms [31]. Functional nitrogen-fixing root nodules are commonly red or pink. The term “functional” here denotes their ability to actively fix nitrogen for plant usage. The characteristic red or pink color appears due to the presence of leghemoglobin. Nitrogenase is another important enzyme for nitrogen fixation activity and the sustainability of the symbiotic association between the plant and rhizobia, but it is extremely sensitive to environmental oxygen [32,33,34,35]. Leghemoglobin provides root nodules with the ability to protect the nitrogenase from oxygen. Sometimes, this kind of symbiosis does not show good results in the absence of functional nodules. Furthermore, nodulation failure in acidic soil conditions is a common phenomenon and is observed in soils with pH values less than 5 [36]. This finding explains the failure of root nodulation in plants cultivated in soil samples A2 and B2 (Villa Rica), which have very low pH values. Low soil pH was found to reduce nodule numbers on legumes such as common bean, lentil, pea, and soybean by more than 90% and nodule dry weight by more than 50%. However, some legumes species, such as Lupinus spp. and Mimosa spp., were found to exhibit nodulation under acidic soil conditions [37]. On the other hand, plants sown in rhizospheric soil B1 showed better growth and development compared to the others. This may be explained by the high number of functional nodules found in their roots compared to the plants sown in the other soil samples. Nodules’ development is influenced by soil pH and organic matter content. Some rhizobia strains are also known to secrete certain plant growth hormones, such as IAA, which has a positive effect on plant growth and development. IAA also plays an important role in the formation and development of root nodules. In addition, Rhizobium species with phosphate solubilization capability can also effectively release phosphorous, another important macronutrient for plants, from complex inorganic and organic compound pools and therefore have the potential to improve plant yield and reduce fertilizer requirements [38]. Rhizobia strains with the abilities to produce IAA and solubilize phosphate can improve the growth and quality of a variety of crops [39]. These PGPR attributes are important in intercalated crops, such as the ones included in this study. All strains in the present study could solubilize phosphate and secrete IAA. Among the strains tested, RZC12 and RZC17 showed the best ability to produce IAA (48.9 and 41.4 ppm, respectively).



The efficacy of the rhizobial strains infecting nitrogen-fixing nodules was determined using the authentication test. Finding other non-rhizobial endophytes inside the root nodules is not uncommon; therefore, plant authentication assays were carried out to distinguish these from the rhizobial strains [40,41]. Non-nodulating rhizobia could also be found in the nodules. These rhizobia probably lost one of the symbiotic plasmid-containing genes necessary for their ability of root nodulation [42]. All eleven strains isolated in this study showed positive results in the authentication tests and so were assigned to the genus Rhizobia. Sometimes, symbiotic associations between the plant and rhizobia remain ineffective, with no significant benefit for the plant. A greater production of nodules means a greater productivity of the plant, but not in all cases. In a study carried out on beans, the inoculation of R. tropici gave a higher nodule dry weight compared to R. ethyli, while this last strain promoted a significant increase in the dry weight of pods [43]. The capacity for N2 fixation can be assessed by comparing yields of inoculated plants with the +N controls as well as with the commercial inoculant strains. Strains can be ranked by comparing yield as a percentage of that achieved by the +N treatment or by the best strain or by the commercial strain, as required [44]. Numerous studies have shown the positive effects of inoculating native rhizobia strains in legumes compared to uninoculated controls under field conditions [45]. In our study, the majority of the strains showed an increase in shoot and root weights compared with the control. The most effective strain was RZC12, which showed a significant increase in fresh root (105%) and shoot (96%) weight and a tendency to improve root (127%) and shoot (100%) dry weight. Positive results were shown in a similar experiment using Rhizobium spp. and Bacillus spp. strains as inoculants. Growth parameters, such as plant height, fresh and dry aerial weight, and number of flower buds, resulted in a significantly high value for common bean grain yield, compared to the untreated control [46]



In vivo plant experiments conducted under laboratory conditions showed that strains RZC12 and RZC17 could significantly increase the plant shoot length, which could be linked with their ability to fix atmospheric nitrogen and other PGPR traits [44]. Among the two strains, RZC12 could induce the formation of the maximum number of root nodules and exhibited better PGPR abilities, which steered us to select this strain for further field studies. Rhizobium strains are not only N-fixers in symbiosis with legumes but are also major promoters of plant growth due to their production of phytohormones and solubilization of phosphates [47].



Numerous studies have linked the nitrogen-fixing activity of rhizobia strains with the improvement in plant yields, measured as an increase in the production of biomass dry weight [48,49]. This study highlights the effectiveness of RZC12 to nodulate red kidney bean plants and significantly increase most of the agronomical parameters evaluated, including shoot/root fresh and dry weight, numbers of pods per plant, and dry pod weight per plant. These results are not surprising because it is widely known that symbiotic root rhizobia have the ability to fix high amounts of atmospheric nitrogen and make it readily available to plants for their growth requirements [50]. Moreover, in the case of legume crops, pods are also considered marketable products for the farmers and so are included in the estimations of overall bean crop yield [50,51]. This study demonstrated that the application of RZC12 can improve the yield of red kidney bean crops and can be used as a part of the biological management of soil fields linked to co-cultures or rotation systems.




5. Conclusions


The rhizobial authentication assay demonstrated that rhizobia strains did not develop in the strongly acidic soils of Villa Rica. In vitro and in vivo results of rhizobial effectivity obtained in the laboratory were further validated in the field. RZC12 was found to be an effective root-nodulating rhizobia strain, with the ability to promote plant growth of beans. Improvement in agronomic growth parameters, such the fresh and dry weight of plants and pods, is an important indicator for crop yield and productivity. In this study, strain RZC12 demonstrated its ability to increase crop yield by almost doubling the production of pods in field conditions.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/microorganisms10040823/s1, Figure S1: Map to locate the two sampling areas.





Author Contributions


Conceptualization, D.Z.-D. and K.O.-G.; methodology, J.L.-P.; validation, D.Z.-D., K.O.-G. and J.L.-P.; formal analysis, J.L.-P.; investigation, D.Z.-D. and K.O.-G.; resources, D.Z.-D. and K.O.-G.; data curation, J.L.-P.; writing—original draft preparation, J.L.-P.; writing—review and editing, D.Z.-D. and K.O.-G., visualization, D.Z.-D. and K.O.-G.; supervision, D.Z.-D. and K.O.-G.; project administration, D.Z.-D.; funding acquisition, D.Z.-D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by 145-2013-FONDECYT project, Junta Nacional del Café (JNC) ATN/ME-13053-PE project and FDA sub account 111-177/UNALM.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be made available upon request to the corresponding author: dzuniga@lamolina.edu.pe.




Acknowledgments


We thank Prashant Kumar Pandey for his suggestions and critical editing of the manuscript and Lee-Anne Maningas for improving the use of English in the manuscript.




Conflicts of Interest


There is no conflict of interest in publishing the results and research findings.




References


	



Jez, J.M.; Lee, S.G.; Sherp, A.M. The next green movement: Plant biology for the environment and sustainability. Science 2016, 353, 1241–1244. [Google Scholar] [CrossRef] [PubMed]

	



Bhardwaj, D.; Ansari, M.W.; Sahoo, R.K.; Tuteja, N. Biofertilizers function as key player in sustainable agriculture by improving soil fertility, plant tolerance and crop productivity. Microb. Cell Factories 2014, 13, 66. [Google Scholar] [CrossRef] [PubMed]

	



Wezel, A.; Casagrande, M.; Celette, F.; Vian, J.-F.; Ferrer, A.; Peigné, J. Agroecological practices for sustainable agriculture. A review. Agron. Sustain. Dev. 2014, 34, 1–20. [Google Scholar] [CrossRef]

	



Spiertz, J.H.J. Nitrogen, Sustainable Agriculture and Food Security: A Review. In Sustainable Agriculture; Lichtfouse, E., Navarrete, M., Debaeke, P., Véronique, S., Alberola, C., Eds.; Springer: Dordrecht, The Netherlands, 2009; pp. 635–651. [Google Scholar]

	



Dardanelli, M.S.; Carletti, S.M.; Paulucci, N.S. Benefits of Plant Growth-Promoting Rhizobacteria and Rhizobia in Agriculture. In Plant Growth and Health Promoting Bacteria, 1st ed.; Maheshwari, D.K., Ed.; Springer: Heidelberg/Berlin, Germany, 2010; pp. 1–20. [Google Scholar]

	



Peoples, M.B.; Herridge, D.F.; Ladha, J.K. Biological nitrogen fixation: An efficient source of nitrogen for sustainable agricultural production? In Management of Biological Nitrogen Fixation for the Development of More Productive and Sustainable Agricultural Systems, 1st ed.; Ladha, Ed.; Springer: Dordrecht, The Netherlands, 1995; pp. 3–28. [Google Scholar]

	



Anwar, M.R.; Liu, D.L.; Macadam, I.; Kelly, G. Adapting agriculture to climate change: A review. Arch. Meteorol. Geophys. Bioclimatol. Ser. B 2013, 113, 225–245. [Google Scholar] [CrossRef]

	



Abhilash, P.; Dubey, R.K.; Tripathi, V.; Gupta, V.K.; Singh, H.B. Plant Growth-Promoting Microorganisms for Environmental Sustainability. Trends Biotechnol. 2016, 34, 847–850. [Google Scholar] [CrossRef]

	



Kawaka, F.; Dida, M.M.; Opala, P.A.; Ombori, O.; Maingi, J.M.; Osoro, N.; Muthini, M.; Amoding, A.; Mukaminega, D.; Muoma, J. Symbiotic Efficiency of Native Rhizobia Nodulating Common Bean (Phaseolus vulgaris L.) in Soils of Western Kenya. Int. Sch. Res. Not. 2014, 258497. [Google Scholar] [CrossRef]

	



Vargas, Y.; Valdivia, L.A. Recuperación, mediante leguminosas rastreras, de suelos degradados (ex cocales) en la Selva Alta del Perú. Mosaico Cient. 2005, 2, 78–83. [Google Scholar]

	



Liu, Y.; Wu, L.; Baddeley, J.A.; Watson, C.A. Models of biological nitrogen fixation of legumes. A review. Agron. Sustain. Dev. 2011, 31, 155–172. [Google Scholar] [CrossRef]

	



Santi, C.; Bogusz, D.; Franche, C. Biological nitrogen fixation in non-legume plants. Ann. Bot. 2013, 111, 743–767. [Google Scholar] [CrossRef]

	



Hungria, M.; Nogueira, M.A.; Araujo, R.S. Soybean Seed Co-Inoculation with Bradyrhizobium spp. and Azospirillum brasilense: A New Biotechnological Tool to Improve Yield and Sustainability. Am. J. Plant Sci. 2015, 6, 811–817. [Google Scholar] [CrossRef]

	



Allen, D.C.; Cardinale, B.J.; Wynn-Thompson, T. Plant biodiversity effects in reducing fluvial erosion are limited to low species richness. Ecology 2016, 97, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Voysest, O. Variedades de Frijol en América Latina y su Origen; Centro Internacional de Agricultura Tropical (CIAT): Cali, Colombia, 1983. [Google Scholar]

	



Voysest, O. Mejoramiento Genético del Frijol (Phaseolus vulgaris L.): Legado de Variedades de América Latina 1930–1999; Centro Internacional de Agricultura Tropical (CIAT): Cali, Colombia, 2000. [Google Scholar]

	



Memenza-Zegarra, M.; Zúñiga-Dávila, D. Bioprospection of Native Antagonistic Rhizobacteria From the Peruvian Coastal Ecosystems Associated with Phaseolus vulgaris. Curr. Microbiol. 2021, 78, 1418–1431. [Google Scholar] [CrossRef] [PubMed]

	



Zúñiga, D. Manual de Microbiología Agrícola: Rhizobium, PGPR, Indicadores de Fertilidad e Inocuidad; Universidad Nacional Agraria La Molina: Lima, Peru, 2012. [Google Scholar]

	



Somasegaran, P.; Hoben, H.J. Handbook for Rhizobia: Methods in Legume-Rhizobium Technology; Springer Science & Business Media: New York, NY, USA, 2012. [Google Scholar]

	



Silvester, R.; Kipe, J.; Harris, D. Simbiosis Leguminosa-Rizobio: Evaluación, Selección y Manejo; Centro Internacional de Agricultura Tropical (CIAT): Cali, Colombia, 1987. [Google Scholar]

	



Vintilă, D.; Vintilă, T.; Popescu, I. Stability in real time of some cryopreserved microbial strains with reference to genetically modified microorganisms. Sci. Pap. Anim. Sci. Biotechnol. 2007, 40, 217–222. [Google Scholar]

	



Nautiyal, C.S. An efficient microbiological growth medium for screening phosphate solubilizing microorganisms. FEMS Microbiol. Lett. 1999, 170, 265–270. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, C.; Yan, W.; Le Tacon, F.; Lapeyrie, F. Genetic variability of phosphate solubilizing activity by monocaryotic and dicaryotic mycelia of the ectomycorrhizal fungus Laccaria bicolor (Maire) P.D. Orton. Plant Soil 1992, 143, 193–199. [Google Scholar] [CrossRef]

	



Gordon, S.A.; Weber, R.P. Colorimetric estimation of indoleacetic acid. Plant Physiol. 1951, 26, 192–195. [Google Scholar] [CrossRef]

	



Glickmann, E.; Dessaux, Y. A critical examination of the specificity of the salkowski reagent for indolic compounds produced by phytopathogenic bacteria. Appl. Environ. Microbiol. 1995, 61, 793–796. [Google Scholar] [CrossRef]

	



Broughton, W.J.; Dilworth, M.J. Control of leghaemoglobin synthesis in snake beans. Biochem. J. 1971, 125, 1075–1080. [Google Scholar] [CrossRef]

	



Weisburg, W.G.; Barns, S.M.; Pelletier, D.A.; Lane, D.J. 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 1991, 173, 697–703. [Google Scholar] [CrossRef]

	



National Center for Biotechnology Information (NCBI). Bethesda (MD): National Library of Medicine (US), National Center for Biotechnology Information. 1988. Available online: https://www.ncbi.nlm.nih.gov/ (accessed on 2 March 2022).

	



Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, I.M.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947–2948. [Google Scholar] [CrossRef]

	



Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4, 406–425. [Google Scholar] [CrossRef] [PubMed]

	



Hawkins, J.P.; Oresnik, I.J. The Rhizobium-Legume Symbiosis: Co-opting Successful Stress Management. Front. Plant Sci. 2022, 12, 796045. [Google Scholar] [CrossRef] [PubMed]

	



Couzigou, J.-M.; Zhukov, V.; Mondy, S.; Abu El Heba, G.; Cosson, V.; Ellis, T.H.N.; Ambrose, M.; Wen, J.; Tadege, M.; Tikhonovich, I.; et al. NODULE ROOT and COCHLEATA Maintain Nodule Development and Are Legume Orthologs of Arabidopsis BLADE-ON-PETIOLE Genes. Plant Cell 2012, 24, 4498–4510. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.F.; Wang, E.T.; Tian, C.F.; Wang, F.Q.; Han, L.L.; Chen, W.F. Bradyrhizobium elkanii, Bradyrhizobium yuanmingenseandBradyrhizobium japonicumare the main rhizobia associated withVigna unguiculataandVigna radiatain the subtropical region of China. FEMS Microbiol. Lett. 2008, 285, 146–154. [Google Scholar] [CrossRef]

	



Frankowski, K.; Wilmowicz, E.; Kućko, A.; Zienkiewicz, A.; Zienkiewicz, K.; Kopcewicz, J. Molecular cloning of the BLADE-ON-PETIOLE gene and expression analyses during nodule development in Lupinus luteus. J. Plant Physiol. 2015, 179, 35–39. [Google Scholar] [CrossRef]

	



Faessel, L.; Nassr, N.; Lebeau, T.; Walter, B. Chemically-induced resistance on soybean inhibits nodulation and mycorrhization. Plant Soil 2010, 329, 259–268. [Google Scholar] [CrossRef]

	



Othman, H.; Tamimi, S.M. Characterization of rhizobia nodulating faba bean plants isolated from soils of Jordan for plant growth promoting activities and N2 fixation potential. Int. J. Adv. Res. Biol. Sci. 2012, 3, 20–27. [Google Scholar]

	



Lin, M.-H.; Gresshoff, P.M.; Ferguson, B. Systemic Regulation of Soybean Nodulation by Acidic Growth Conditions. Plant Physiol. 2012, 160, 2028–2039. [Google Scholar] [CrossRef]

	



Appunu, C.; Dhar, B. Symbiotic effectiveness of acid-tolerant Bradyrhizobium strains with soybean in low pH soil. Afr. J. Biotechnol. 2006, 5, 842–845. [Google Scholar]

	



García-Fraile, P.; Menéndez, E.; Rivas, R. Role of bacterial biofertilizers in agriculture and forestry. AIMS Bioeng. 2015, 2, 183–205. [Google Scholar] [CrossRef]

	



DDe Meyer, S.E.; De Beuf, K.; Vekeman, B.; Willems, A. A large diversity of non-rhizobial endophytes found in legume root nodules in Flanders (Belgium). Soil Biol. Biochem. 2015, 83, 1–11. [Google Scholar] [CrossRef]

	



López-López, A.; Rogel, M.A.; Ormeño-Orrillo, E.; Martinez-Romero, J.C.; Martínez-Romero, E. Phaseolus vulgaris seed-borne endophytic community with novel bacterial species such as Rhizobium endophyticum sp. nov. Syst. Appl. Microbiol. 2010, 33, 322–327. [Google Scholar] [CrossRef] [PubMed]

	



Yates, R.J.; Howieson, J.G.; Hungria, M. Authentication of rhizobia and assessment of the legume symbiosis in controlled plant growth systems. In Working with Rhizobia; Howieson, J.G., Dilworth, M.J., Eds.; Australian Centre for International Agricultural Research: Canberra, Australia, 2016; pp. 73–108. [Google Scholar]

	



Aguilar-Cuba, Y.; Lobo, D.; Ormeño-Orrillo, E.; Zúñiga-Dávila, D. Exploring the potential of three Rhizobium strains from Peruvian soils as biofertilizer for the common bean (Phaseolus vulgaris). In Proceedings of the FAO Keep Soil Alive, Protect Soil Biodiversity—Global Symposium on Soil Biodiversity, Rome, Italy, 19–22 April 2021; pp. 831–837. [Google Scholar] [CrossRef]

	



Tarekegn, Y.; Bekele, B.; Tewodros, A.; Yoseph, T.; Baraso, B.; Ayalew, T. Influence of Bradyrhizobia inoculation on growth, nodulation and yield performance of cowpea varieties. Afr. J. Agric. Res. 2017, 12, 1906–1913. [Google Scholar] [CrossRef]

	



Verbon, E.H.; Liberman, L.M. Beneficial Microbes Affect Endogenous Mechanisms Controlling Root Development. Trends Plant Sci. 2016, 21, 218–229. [Google Scholar] [CrossRef]

	



Memenza, M.; Mostacero, E.; Camarena, F.; Zúñiga, D. Disease control and plant growth promotion (PGP) of selected bacterial strains in Phaseolus vulgaris. In Biological nitrogen fixation and Beneficial Plant-Microbe Interactions; González-Andrés, F., James, E., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 237–245. [Google Scholar] [CrossRef]

	



Gopalakrishnan, S.; Sathya, A.; Vijayabharathi, R.; Varshney, R.K.; Gowda, C.L.; Krishnamurthy, L. Plant growth promoting rhizobia: Challenges and opportunities. 3 Biotech 2015, 5, 355–377. [Google Scholar] [CrossRef]

	



deAraujo, A.S.F.; Lopes, A.C.D.A.; Teran, J.C.B.M.Y.; Palkovic, A.; Gepts, P. Nodulation ability in different genotypes of Phaseolus lunatus by rhizobia from California agricultural soils. Symbiosis 2017, 73, 7–14. [Google Scholar] [CrossRef]

	



Franzini, V.I.; Azcón, R.; Méndes, F.L.; Aroca, R. Different interaction among Glomus and Rhizobium species on Phaseolus vulgaris and Zea mays plant growth, physiology and symbiotic development under moderate drought stress conditions. Plant Growth Regul. 2013, 70, 265–273. [Google Scholar] [CrossRef]

	



Ahmed, F.E. Interactive effect of nitrogen fertilization and Rhizobium inoculation on nodulation and yield of soybean (Glycine max L. Merrill). Glob. J. Biol. A. 2013, 2, 169–173. [Google Scholar]

	



Lamz Piedra, A.; Cárdenas Travieso, R.M.; Ortiz Pérez, R. Evaluation of agro-morphological behavior based on the variability characterization of common bean (Phaseolus vulgaris L.) lines for late sowings. Cultiv. Trop. 2016, 37, 108–114. [Google Scholar]








[image: Microorganisms 10 00823 g001 550] 





Figure 1. Red arrows point (A) Non-functional nodules generated in soil B3. (B) Functional nodules in soil B1 (40× magnification). 
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Figure 2. (Left): Isolation plate where the strain RZC1 is clearly differentiated from the strain RZC2. (Right): Convex elevation and pink color of rhizobial strains. 
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Figure 3. (A) Functional nodules produced by strain RZC12. (B) Non-functional nodules produced by the RZC1 strain. 
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Figure 4. Red kidney beans planted in an intercrop, non-inoculated control (left) and inoculated with the RZC12 strain (right). 
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Figure 5. Phylogenetic tree of sequences of the 16S rRNA gene (1354 positions) of Rhizobium sp. The phylogenetic reconstruction method of neighbor joining, and the distances were calculated in accordance with the Kimura two-parameter model. The values at the branch points indicate bootstrap support (1000 pseudoreplicates; only values of 50% or above are shown). The tested Rhizobium strain is indicated in bold. Agrobacterium tumefaciens was used as outgroup to root the tree. Scale bar, 1 nt substitution per 100 nt. 
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Table 1. Soil characteristics.






Table 1. Soil characteristics.





	Soil
	Kind of Soil
	Zone
	pH

(1:1)
	E.C.

(1:1)

dS/m
	O.M.%
	N%

5% of O.M.
	P

ppm
	K

ppm
	Texture
	Description





	A2
	Non-rhizospheric
	Villa Rica
	3.51
	0.53
	3.64
	0.182
	5.5
	95
	Loam
	Very strongly acidic and non-saline soil, moderate organic matter content



	A3
	Non-rhizospheric
	Chanchamayo
	5.76
	0.33
	2.19
	0.1095
	6.1
	133
	Sandy loam
	Moderately acidic and non-saline soil, moderate organic matter content



	B1
	Rhizospheric
	Chanchamayo
	4.74
	0.77
	1.86
	0.093
	6.5
	113
	Sandy loam
	Strongly acidic and non-saline soil, low organic matter content



	B2
	Rhizospheric
	Villa Rica
	3.43
	0.86
	3.91
	0.1955
	28
	108
	Loam
	Very strongly acidic and non-saline soil, moderate organic matter content



	B3
	Rhizospheric
	Chanchamayo
	5.75
	4.78
	3.31
	0.1655
	25
	1323
	Sandy loam
	Moderately acidic and strongly saline soil, moderate organic matter content



	C
	Uncultivated
	Chanchamayo
	6.5
	0.96
	3.24
	0.162
	28
	160
	Sandy loam
	Weakly acidic and weakly saline soil, moderate organic matter content







E.C.: electric conductivity, O.M.; organic matter.
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Table 2. Growth parameters of red kidney beans used as a trap host.






Table 2. Growth parameters of red kidney beans used as a trap host.





	
Soil

	
Pink

	
White

	
Root

	
Shoot

	
Root Fresh

	
Shoot Fresh

	
Root Dry

	
Shoot Dry

	
N°

	
Floral




	
Nodules

	
Nodules

	
Length (cm)

	
Length (cm)

	
Weight (g)

	
Weight (g)

	
Weight (g)

	
Weight (g)

	
Leaves

	
Buttons






	
A2

	
0

	
c

	
0

	
c

	
12.83 ± 3.31

	
b

	
38.83 ± 5.38

	
bc

	
0.69 ± 0.25

	
bc

	
3.01 ± 0.55

	
bc

	
0.068 ± 0.03

	
a

	
0.275 ± 0.06

	
bc

	
2.67 ± 0.52

	
b

	
2 ± 1.67

	
bc




	
A3

	
3.67 ± 2.25

	
b

	
7.5 ± 3.62

	
a

	
14.17 ± 2.02

	
ab

	
41.5 ± 9.85

	
ab

	
0.87 ± 0.16

	
ab

	
3.07 ± 0.7

	
bc

	
0.068 ± 0.02

	
a

	
0.262 ± 0.04

	
bc

	
3.33 ± 0.52

	
ab

	
2.83 ± 2.56

	
bc




	
B1

	
14.67 ± 8.51

	
a

	
6.67 ± 4.16

	
ab

	
14.5 ± 0.5

	
ab

	
52.33 ± 8.15

	
a

	
1.09 ± 0.41

	
a

	
4.24 ± 1.53

	
a

	
0.077 ± 0.02

	
a

	
0.42 ± 0.16

	
a

	
3.67 ± 0.58

	
a

	
2.0817

	
a




	
B2

	
0

	
bc

	
0

	
c

	
8.33 ± 0.76

	
c

	
26.83 ± 3.55

	
c

	
0.5 ± 0.02

	
c

	
2.45 ± 0.08

	
c

	
0.04

	
b

	
0.217 ± 0.01

	
c

	
2.67 ± 0.58

	
b

	
1 ± 1

	
c




	
B3

	
3 ± 2.97

	
bc

	
11.5 ± 5.39

	
a

	
16.17 ± 1.6

	
a

	
44.83 ± 8.95

	
ab

	
0.96 ± 0.15

	
a

	
3.85 ± 0.7

	
ab

	
0.07 ± 0.06

	
a

	
0.217 ± 0.06

	
abc

	
3.33 ± 0.52

	
ab

	
4.5 ± 1.76

	
ab




	
C

	
0

	
c

	
2.17 ± 2.48

	
bc

	
14.42 ± 3.02

	
ab

	
45.5 ± 11.93

	
ab

	
0.98 ± 0.2

	
a

	
3.98 ± 0.69

	
a

	
0.063 ± 0.02

	
ab

	
0.217 ± 0.08

	
abc

	
3.83 ± 0.75

	
a

	
3.67 ± 2.58

	
abc








Means followed by the same letter in the columns do not differ significantly (p ≤ 0.05) according to LSD test.
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Table 3. PGPR activities of rhizobia strains isolated from soils samples collected from Chanchamayo.
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Strain

	
Dicalcium Phosphate Solubilization

	
Tricalcium Phosphate Solubilization

	
Hydroxyapatite Phosphate Solubilization

	
IAA (ppm)




	
RSE a

	
RSE

	
RSE






	
RZC1

	
36% ± 2.51

	
17% ± 1.3

	
70% ± 2.37 abc

	
30.4 ± 0.45




	
RZC2

	
20% ± 4.31

	
10% ± 1.86

	
33% ± 2.99 bcd

	
30.6 ± 0.16




	
RZC3

	
27% ± 2.32

	
15% ± 2.6

	
55% ± 3.71 d

	
18.9 ± 0.46




	
RZC4

	
20% ± 1.91

	
17% ± 1.51

	
30% ± 6.48 bcd

	
25.4 ± 0.29




	
RZC5

	
25% ± 1.84

	
17% ± 3.91

	
40% ± 5.54 a

	
30.3 ± 0.14




	
RZC6

	
36% ± 4.72

	
17% ± 0.57

	
44% ± 6.27 bc

	
38.4 ± 0.09




	
RZC10

	
40% ± 2.23

	
0%

	
30% ± 0.72 a

	
20.2 ± 0.15




	
RZC12

	
33% ± 3.33

	
15% ± 0.55

	
45% ± 2.28 cd

	
48.9 ± 0.21




	
RZC13

	
30% ± 2.41

	
9% ± 2.02

	
33% ± 4.18 bcd

	
33.9 ± 0.36




	
RZC17

	
23% ± 2.7

	
15% ± 1.24

	
23% ± 1.89 ab

	
41.4 ± 0.44




	
RZC18

	
23% ± 0.4

	
15% ± 3.9

	
42% ± 4.84 cd

	
23.6 ± 0.2








a RSE: relative solubilization efficiency. Means followed by the same letter in the columns do not differ significantly (p ≤ 0.05) according to LSD test.
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Table 4. Authentication effect of rhizobia strains on red kidney beans.
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Treat.

	
N° White

Nodules

	
N° Pink

Nodules

	
Root

Length

(cm)

	
Shoot

Length (cm)

	
N°

Leaves

	
Root Fresh

Weight (g)

	
Shoot Fresh

Weight (g)

	
Root

Dry

Weight (g)

	
Shoot

Dry

Weight (g)






	
Control

	
0

	
d

	
0

	
d

	
13.3 ± 3.84

	
24.9 ± 3.12

	
ab

	
4 ± 0.58

	
0.808 ± 0.06

	
d

	
1.295 ± 0.13

	
d

	
0.061 ± 0.02

	
c

	
0.15 ± 0.03

	
b




	
N+

	
0

	
d

	
0

	
d

	
13.8 ± 1.94

	
26.9 ± 0.33

	
a

	
4

	
1.228 ± 0.25

	
ab

	
2.295 ± 0.36

	
a

	
0.083 ± 0.015

	
b

	
0.281 ± 0.07

	
a




	
RZC1

	
17.3 ± 6.11

	
a

	
2 ± 1.91

	
bcd

	
11.8 ± 1.72

	
26.7 ± 4.7

	
a

	
3

	
1.15 ± 0.13

	
abc

	
1.773 ± 0.43

	
bcd

	
0.081 ± 0.013

	
bc

	
0.225 ± 0.03

	
ab




	
RZC2

	
10.5 ± 3.42

	
ab

	
1 ± 0.82

	
cd

	
12.2 ± 1.5

	
25.3 ± 1.43

	
ab

	
3 ± 0.5

	
1.098 ± 0.22

	
abc

	
1.998 ± 0.4

	
abc

	
0.082 ± 0.01

	
b

	
0.261 ± 0.06

	
a




	
RZC3

	
14.2 ± 5.40

	
ab

	
0

	
d

	
13.2 ± 2.81

	
24.7 ± 2.4

	
ab

	
3 ± 0.89

	
1.018 ± 0.1

	
c

	
1.838 ± 0.47

	
bcd

	
0.082 ± 0.01

	
b

	
0.234 ± 0.08

	
a




	
RZC4

	
5 ± 3.92

	
cd

	
0

	
d

	
13.8 ± 1.45

	
22.2 ± 2.89

	
b

	
3 ± 0.96

	
1.098 ± 0.27

	
abc

	
1.72 ± 0.33

	
cd

	
0.083 ± 0.04

	
b

	
0.212 ± 0.07

	
ab




	
RZC5

	
7.2 ± 7.36

	
bcd

	
0

	
d

	
13.7 ± 2.55

	
26.8 ± 3.04

	
a

	
3 ± 1

	
0.994 ± 0.2

	
cd

	
2.004 ± 0.61

	
d

	
0.073 ± 0.02

	
bc

	
0.257 ± 0.1

	
a




	
RZC6

	
18 ± 10.15

	
a

	
1 ± 1.73

	
cd

	
11.8 ± 0.29

	
26.7 ± 0.85

	
a

	
4 ± 0.58

	
1.153 ± 0.23

	
abc

	
2.03 ± 1.98

	
abc

	
0.081 ± 1.98

	
bc

	
0.262 ± 0.05

	
a




	
RZC10

	
13.3 ± 5.51

	
cd

	
0.7 ± 1.16

	
cd

	
13.2 ± 1.02

	
26.2 ± 2.47

	
a

	
3

	
1.02 ± 0.14

	
bcd

	
1.83 ± 0.33

	
abc

	
0.075 ± 0.004

	
bc

	
0.207 ± 0.01

	
ab




	
RZC12

	
18 ± 4.24

	
abc

	
10.5 ± 8.89

	
a

	
13.7 ± 3.54

	
26.8 ± 1.49

	
a

	
4

	
1.288 ± 0.15

	
a

	
2.213 ± 0.30

	
abc

	
0.105 ± 0.02

	
a

	
0.281 ± 0.08

	
a




	
RZC13

	
7.8 ± 3.22

	
bcd

	
4.5 ± 6.61

	
bcd

	
13.5 ± 1.31

	
25.2 ± 3.6

	
ab

	
4 ± 0.5

	
1.18 ± 0.15

	
abc

	
1.855 ± 0.11

	
abc

	
0.082 ± 0.01

	
b

	
0.227 ± 0.02

	
ab




	
RZC17

	
15.8 ± 11.01

	
a

	
5.2 ± 1

	
b

	
13.3 ± 1.5

	
26.9 ± 3.29

	
a

	
3 ± 0.55

	
1.262 ± 0.21

	
a

	
2.108 ± 0.37

	
abc

	
0.083 ± 0.02

	
b

	
0.272 ± 0.08

	
a




	
RZC18

	
10.3 ± 8.08

	
abc

	
0.7 ± 0.58

	
cd

	
12.3 ± 2.8

	
26.7 ± 3.05

	
a

	
3 ± 1.16

	
1.233 ± 0.14

	
ab

	
2.187 ± 0.26

	
abc

	
0.081 ± 0.02

	
bc

	
0.273 ± 0.045

	
a








Means followed by the same letter in the columns do not differ significantly (p ≤ 0.05) according to LSD test.
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Table 5. Effect of rhizobia strain inoculation on the growth and root nodulation of red kidney beans under laboratory conditions.
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Treatment

	
Shoot

Length (cm)

	
Root

Length (cm)

	
N°

Leaves

	
N°

Flowers

	
N°

Pots

	
N°

Nodules

	
Shoot Fresh Weight (g)

	
Root Fresh Weight (g)

	
Shoot Dry Weight (g)

	
Root Dry Weight (g)






	
RZC12

	
41.77 ± 4.92

	
a

	
22.63 ± 3.88

	
5.86 ± 0.69

	
3 ± 0.82

	
1.43 ± 0.53

	
26.43 ± 7.72

	
a

	
4.04 ± 0.65

	
2.5 ± 0.48

	
2.42 ± 0.56

	
0.28 ± 0.06




	
RZC17

	
40.04 ± 4.05

	
a

	
20.36 ± 4.4

	
60.82 ± 4.39

	
3.29 ± 0.76

	
1.43 ± 0.53

	
18.71 ± 5.59

	
b

	
3.85 ± 0.29

	
2.53 ± 047

	
2.72 ± 0.48

	
0.25 ± 0.03




	
CONTROL

	
34.7 ± 3.02

	
b

	
19.27 ± 3.02

	
5.57 ± 0.53

	
3 ± 0.82

	
1.29 ± 0.49

	
1.57 ± 1.27

	
c

	
3.32 ± 0.6

	
2.19 ± 0.41

	
2.24 ± 0.46

	
0.23 ± 0.03








Means followed by the same letter in the columns do not differ significantly (p ≤ 0.05) according to LSD test.
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Table 6. Effect of inoculation with Rhizobium-RZC12 on the growth and root nodulation of red kidney beans in field studies.






Table 6. Effect of inoculation with Rhizobium-RZC12 on the growth and root nodulation of red kidney beans in field studies.





	
Treat.

	
Shoot

Length

(cm)

	
Root

Length

(cm)

	
N°

Leaves

	
N°

Flowers

	
N° Nodules

	
Shoot

Fresh

Weight (g)

	
Root

Fresh

Weight (g)

	
Pod Fresh Weight (g)

	
Shoot Dry Weight (g)

	
Root Dry Weight (g)

	
Pod Dry Weight (g)






	
RZC12

	
33.59 ± 4.34

	
a

	
15.31 ± 3.23

	
5.4 ± 0.97

	
a

	
3.3 ± 0.68

	
21 ± 8.68

	
a

	
8.44 ± 2.48

	
a

	
1.62 ± 0.51

	
a

	
5.68 ± 0.92

	
a

	
4.27 ± 2.48

	
a

	
0.182 ± 1.3

	
a

	
3.8 ± 0.67

	
a




	
CONTROL

	
19.45 ± 1.85

	
b

	
13.5 ± 3.58

	
3.4 ± 0.7

	
b

	
2.8 ± 0.79

	
0.7 ± 1.06

	
b

	
4.55 ± 1.15

	
b

	
0.91 ± 0.17

	
b

	
4.16 ± 1.23

	
b

	
2.3 ± 1.15

	
b

	
0.116 ± 0.58

	
b

	
2.36 ± 0.63

	
b








Values followed by the same letter in the columns do not differ significantly (p ≤ 0.05) according to LSD test.
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