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Abstract 

 

The constant need to increase crop yields to supply the demand for food worldwide has 

inevitably led to the indiscriminate use of synthetic fertilizers. Inoculation of bacteria, such as 

rhizobia and other plant growth promoting rhizobacteria, emerges as a sustainable option to 

mitigate the negative impacts exerted by mineral nitrogen fertilizers. Rhizobia are soil bacteria 

that establish symbiotic associations with legumes to form root (and stem) nodules inside which 

biological nitrogen fixation (BNF) takes place. Additionally, rhizobial inoculation produces 

other benefits to the plants including growth promotion, biocontrol of pests and diseases, and 

tolerance to biotic and abiotic stresses. Utilization of inoculants for common bean (Phaseolus 

vulgaris) based on rhizobia, either individually or in consortium with other plant growth 

promoter rhizobacteria, constitutes one of the sustainable strategies to improve the productivity 

of common bean plants. Despite the vast genetic diversity of P. vulgaris and its microsymbionts, 

there is still little research on the use of rhizobial inoculants to increase plant resistance and 

tolerance to biotic and abiotic stresses. The application of rhizobial inoculants at the field level 

to increase grain yield and productivity of common bean under limiting factors has scarcely 

been studied in many agroecosystems. In this review, we explore the benefits provided by 

inoculation at the greenhouse and field levels on the agronomic parameters of common bean 

crops under stress conditions, both at the level of simple inoculation and/or co-inoculation with 

other soil microorganisms. Finally, the research perspectives for the development of rhizobia-
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based inoculants to enhance yield in P. vulgaris are emphasized, in order to promote sustainable 

agriculture. 

 

Resumen 

 

La necesidad constante de aumentar el rendimiento de los cultivos para satisfacer la demanda 

mundial de alimentos ha conducido inevitablemente al uso indiscriminado de fertilizantes 

sintéticos. La inoculación de microorganismos, como los rizobios y otras bacterias promotoras 

del crecimiento vegetal, se perfila como una opción sostenible para mitigar los efectos negativos 

de los fertilizantes químicos nitrogenados. Los rizobios son bacterias del suelo que establecen 

asociaciones simbióticas con las leguminosas para formar nódulos en las raíces (y a veces tallos) 

en cuyo interior se lleva a cabo la fijación biológica del N2 atmosférico. Además, la inoculación 

de rizobios produce otros beneficios para las plantas, como la promoción del crecimiento, el 

control biológico de plagas y enfermedades, y la tolerancia a estreses producidos por factores 

bióticos y abióticos. La utilización de bioinoculantes en judía (Phaseolus vulgaris) a base de 

rizobios, ya sea individualmente o en consorcio con otras rizobacterias promotoras del 

crecimiento vegetal, constituye una de las estrategias sostenibles para mejorar la productividad 

de los mismos. A pesar de la gran diversidad genética de las judías y de sus microsimbiontes, 

la investigación sobre el empleo de inoculantes a base de rizobios para aumentar la tolerancia 

y productividad de las plantas sometidas a estrés es escasa. La aplicación de inoculantes basados 

en rizobios, tanto en condiciones de campo como de invernadero, para aumentar el rendimiento 

de P. vulgaris en condiciones limitantes es escasa. En esta revisión, se exploran los beneficios 

que la inoculación proporciona a las judías cultivadas en condiciones de estrés, tanto a nivel de 

inoculación simple como de co-inoculación con otros microorganismos del suelo. Por último, 

se destacan las perspectivas de investigación en el desarrollo de inoculantes a base de rizobios 

para aumentar el rendimiento de la judía con el fin de promover la agricultura sostenible. 

 

Introduction 

 

The rhizobia-legume symbiosis 

 

Legumes constitute the third largest family of angiosperms, including near 23,000 species and 

800 genera. Legumes played an important role in the early development of agriculture, and 

were domesticated along with grasses, and today occupy diverse aquatic and terrestrial 

environments in nearly every biome on Earth, even the most extreme habitats (Hughes et al. 

2025). Legumes are cultivated in over 111 countries and the total worldwide legume acreage 

was nearly 37.8 million ha in 2023 (FAOSTAT, 2025). Pulses comprise several species of 

cultivated legumes of which the fresh pods and/or dry grains are consumed (Pratap and Gupta 

2020). They are made up of slowly absorbed carbohydrates, as well as dietary fiber, vitamins, 

and minerals (Kumar and Pandey 2020), providing a fundamental protein and caloric base for 

human nutrition (Celmeli et al. 2018), especially when combined with cereals (Anitha et al. 

2020). 

 

Legumes are unique among higher plants because of their ability to establish symbiosis with 

specific soil bacteria better known as rhizobia, a group of Gram-negative bacilli that form 

dinitrogen (N2)-fixing nodules in the roots and, in some cases, the stems, of about 78% of 

legumes (Peix et al. 2015; Lindström and Mousavi 2020). Within the nodules, specialized 

rhizobial cells synthetize nitrogenase, the enzyme responsible for the reduction of N2 to NH4
+. 

Inorganic NH4
+ is later exported to the nodule cytosol for the formation of organic nitrogenous 

compounds like amines and ureides used for plant growth and development (Ribeiro et al. 2013; 

Martínez et al. 2017; Voß et al. 2022; Ma et al. 2025). 
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In the absence of the symbiosis, legumes, like other plants, are highly dependent on soil mineral 

nitrogen, with particularly high nitrogen demand from the flowering period until pod formation. 

At this stage, legumes can benefit from the symbiosis with rhizobia (Peix et al. 2014; Wang et 

al. 2019) or through the uptake of mineralized nitrogen from the soil or other sources such as 

N-fertilizers or green manures (de Souza et al. 2016). The contribution of biological nitrogen 

fixation in common bean by rhizobia varies between 14 and 60% (Pacheco et al. 2020; Leite et 

al. 2022; Telles et al. 2025), an effect that depends on the type of rhizobia, the plant cultivar, 

and the environmental conditions (Kebede et al. 2021; Rodriguez et al. 2024). 

 

The rhizobia-Phaseolus symbiosis 

 

Legumes of the genus Phaseolus belong to the family Leguminosae, subfamily Papilionaceae 

of the tribe Phaseoleae (Azani et al. 2017). They are autochthonous to America, with 81 species 

described to date, where P. acutifolius (A. Gray.), P. coccineus (L.), P. lunatus (L.), P. 

polyanthus (Greenm.), and P. vulgaris (L.) are domesticated and cultivated (De Ron et al. 2016, 

Freytag et al. 2002; Debouck 2021). The common bean (P. vulgaris L.) grows in subtropical 

and temperate regions, and its seeds are considered staple food in least developed countries due 

to their low cost and high nutritional value (Celmeli et al. 2018; Corzo-Rios et al. 2020). P. 

vulgaris has a Mesoamerican origin with occurrence of diversification in the Andes (Bitocchi 

et al. 2012), where some Andean common bean populations have a prevalence of 94.6% 

compared to Mesoamerican populations (Almeida et al. 2020). In America, for more than 5000 

years, common beans have been a highly appreciated food in pre-Inca cultures (Luna et al. 

2006) and in those that developed on the central coast of Peru such as Incas, Mayas and Aztecs 

(MINAGRI 2016). This grain legume is well known in Latin America with the names “frijol”, 

“frisol”, “caraota” or “poroto”. Brazil is the country that contributes 50% of South American 

production and 25% of world total production (Beebe et al. 2017). 

 

P. vulgaris establishes N2-fixing symbiosis with at least 25 rhizobial species belonging to the 

alpha and beta proteobacteria classes (table 1). The efficiency of the Biological Nitrogen 

Fixation (BNF) in the rhizobia-legume symbiosis is variable and rates of N2 fixation range 

between 50 to 800 kg of N ha-1 year-1 (Pacheco et al. 2020; Leite et al. 2022). In particular, the 

P. vulgaris-rhizobia association is considered moderately efficient in BNF, with values in the 

range of 25-100 kg of N ha-1 year-1 (Rennie and Kemp, 1983b; Pacheco et al. 2020). Vanlauwe 

et al. (2019) modeled an equation that sustains that BNF, plant biomass, and grain yield of a 

legume depend on the factors expressed in the equation: BNF = (GL x GR) x E x M, where GL 

represents the genotype of the legume, GR is the genotype of the rhizobia nodulating the 

legume, E constitutes the environment (e.g. climate and soil), and M means the agronomic 

management, including the type of fertilization, whether mineral or derived from BNF. 

Accordingly, the effectiveness of BNF in common bean depends on the rhizobial species, the 

plant cultivar, and the environmental conditions. R. tropici forms highly efficient N2-fixing 

nodules (Gunnabo et al. 2019) and climbing varieties show greater BNF capacity than bushy 

varieties (Rennie and Kemp, 1983b; Torres-Gutiérrez et al. 2021); moreover, while some 

varieties are not affected by the addition of N-fertilizers, others suffer a reduction in BNF up to 

60% when fertilized with 10 Kg N ha-1 (Müller and Pereira, 1995; dos Santos Sousa et al. 2022). 

A strong limiting factor of the symbiosis is phosphate (P), as it is involved in diverse 

biochemical reactions where ATP intervention is essential. Association of nodulated legumes 

with arbuscular mycorrhizal fungi (AMF) increases the availability of P for BNF, resulting in 

increased plant health and growth (Kazadi et al. 2020; Seyahjani et al. 2020). 

 

In addition to BNF, rhizobia-nodulating legumes can provide other benefits to the plants 

including plant-growth promotion traits, biocontrol of pests and diseases, and tolerance to biotic 
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and abiotic stresses (Mondal et al. 2017; 2020), that is rhizobia may act as plant growth 

promoter rhizobacteria (PGPR). 

 

The use of leguminous plants as green manure has also been shown to increase the productivity 

of common beans plants. De Sousa et al. (2016), sowing of Lablab purpureus and Canavalia 

ensiformis before the establishment of P. vulgaris increased the grain yield by 32 to 46% with 

respect to the control treatment. The genetic potential of legumes to improve their contribution 

from BNF has also to be considered (Vanlauwe et al. 2019; Gunnabo et al. 2019)). In recent 

years, genome editing has become a useful tool to accelerate knowledge about the role that 

different varieties of a leguminous plant can play in the improvement of BNF. Key proteins 

involved in vegetative development and tolerance to biotic and abiotic factors have been 

described whose expression has been positively correlated with symbiotic parameters and plant 

development under stress conditions (Boubakri et al. 2021). 

 

Biotechnology of the rhizobia-P. vulgaris symbiosis 

 

Within the N cycle, BNF constitutes the natural mechanism by which atmospheric N2 is 

integrated into soils ecosystems. Accordingly, improvement of BNF is valid strategy to replace 

or complement mineral N-fertilization. The number of studies directed to increase BNF in the 

rhizobia-P. vulgaris symbiosis has increased exponentially over the past 20 years. Here we 

briefly review the current understanding on the utilization of the rhizobia symbiosis with P. 

vulgaris to increase the plant tolerance and resistance to biotic and abiotic stresses, bacterial, 

fungal, and viral diseases, and attacks by phytonematodes and herbivorous insects. 

 

Utilization of rhizobial inoculants for P. vulgaris 

 

The use of inoculants containing only rhizobia strains is one of the most widely used strategies 

to increase the productivity of grain legumes, as well as one of the first microbial and 

biotechnological method developed for application in Agriculture (figure 1). 

 

Inoculation is the process of incorporating beneficial microorganisms, fungi or bacteria, at the 

seed level with the aim of ensuring the colonization of the rhizosphere and endosphere of the 

host plant (Lesueur et al. 2016; Atieno and Lesueur 2019). Rhizobia are selected for their high 

effectiveness in BNF and inoculated in adequate concentrations to establish efficient symbiosis 

with their cognate legumes (Fernández 2020). Among the inoculants for legumes, the best 

known, and commercially used, are the rhizobia and the AMF. They associate symbiotically 

with the plant and generate a positive exchange of nutrients. In this exchange, while the plant 

supplies carbohydrates, rhizobia carry out BNF, and AMF favor the absorption and 

translocation of water and mineral nutrients, among them, P, zinc (Zn) and copper (Cu), this 

leading to the enhancement not only of the BNF, but also proving protection against attack by 

phytopathogens, and promoting plant tolerance to diverse biotic and abiotic stresses (Niza-

Costa et al. 2022). 
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Table 1. Rhizobial endosymbionts isolated from P. vulgaris 

alfa-proteobacteria 

Genus Species Reference 
Origin 

country 

Rhizobium 

R. acidisoli Román-Ponce et al. 2016 Mexico 

R. aegyptiacum Shamseldin et al. 2016 Egypt 

R. aethiopicum Aserse et al. 2017 Ethiopia 

R. anhuiense Efstathiadou et al. 2021 Greece 

R. atlanticum Moura et al. 2023 Brazil 

R. aureum Moura et al. 2023 Brazil 

R. azibense  Mnasri et al. 2014 Tunisia 

R. binxianense Liu et al. 2025 China 

R. centroccidentale Moura et al. 2023 Brazil 

R. cerranodense Moura et al. 2023 Brazil 

R. chutanense Huo et al. 2019 China 

R. croatiense Rajnovic et al. 2023 Croatia 

R. ecuadorense Ribeiro et al. 2015 Ecuador 

R. esperanzae Cordeiro et al. 2017 Mexico 

R. etli Segovia et al. 1993 Mexico 

R. freirei Dall’Agnol et al. 2013 Brazil 

R. gallicum  Amarger et al. 2012 France 

R. grahamii López-López et al. 2012 Mexico 

R. hidalgonense Yan et al. 2017 Mexico 

R. laguerreae Flores-Félix et al. 2019 Spain 

R. leucaenae Ribeiro et al. 2012 Mexico 

R. leguminosarum Rajnovic et al. 2019 Croatia 

R. lusitanum Valverde et al. 2006 Spain 

R. mesoamericanum López-López et al. 2012 Mexico 

R. mulingense Liu et al. 2025 China 

R. oryzae Peng et al. 2018 China 

R. pantanalense Moura et al. 2023 Brazil 

R. paranaense Dall’Agnol et al. 2014 Brazil 

R. phaseoli Ramírez-Bahena et al. 2008 ---- 

R. pisi  Rajnovic et al. 2019 Croatia 

R. redzepovicii Rajnovic et al. 2023 Croatia 

R. sophoriradicis Cuba et al. 2021; Efstathiadou et al. 2021  Peru 

R. tropici  Martínez-Romero et al. 1991 Colombia 

R. vallis Wang et al. 2011 China 

Pararhizobium P. giardinii Amarger et al. 1997 France 

Ensifer 

(Sinorhizobium) 

E. americanum  Toledo et al. 2003; Wang et al. 2013 Mexico 

E. fredii Zurdo-Piñeiro et al. 2009 Spain 

E. meliloti Mnasri et al. 2007 Tunisia 
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Shinella S. kummerowiae Lin et al. 2008 China 

Bradyrhizobium B. manausense  Silva et al. 2014 Brazil 

beta-proteobacteria 

Paraburkholderia 

P. caballeronis Martínez-Aguilar et al. 2013 Mexico 

P. phymatum  
Vandamme et al. 2002; Bournaud et al. 

2013 

French 

Guiana 

Cupriavidus C. necator  Da Silva et al. 2012 Brasil 

 

 

Rhizobia-based inoculants produce increases in morphological and yield parameters. 

Inoculation of common bean not only resulted in increased yield in 16 extensive fields over that 

of adjacent uninoculated fields, but also augmented agronomic N-fertilizer use efficiency 

(Yanni et al. 2016; Cántaro et al. 2019), and a more fortified grain (Fernández 2020). Moreover, 

rhizobial inoculants represent a low-cost alternative to reduce dependence on nitrogenous 

chemical fertilizers, diminishing production costs in grain legumes and improving soil fertility 

(Granda-Mora et al. 2017; Cántaro et al. 2019; Rodriguez et al. 2024). Selected rhizobial strains 

promote BNF under adverse conditions, increasing tolerance and inducing resistance to 

different biotic stresses (Lesueur et al. 2016). Soils harbor autochthonous populations of 

rhizobia where inoculation of legumes is not required. Given this situation soils could be used 

for the search and selection of effective rhizobial strains (Atieno and Lesueur 2019). At the 

commercial level there are inoculant formulations developed to favor the growth and survival 

of microorganisms (Lesueur et al. 2016). Worldwide, there are some collaborative efforts to 

validate the effect of BNF in common bean, among which the N2Africa project: Putting 

Nitrogen fixation to work for smallholder farmers in Africa (www.N2Africa.org) stands out 

(Vanlauwe et al. 2019). 

 

Currently, in developing countries, common bean producers do not have the adequate 

technologies to allow them to increase plant production and be more competitive at the local, 

regional or national markets. Rhizobial inoculants, and the use of others biological products, 

would greatly favor the grain legume producing sector. In the last decades, bean producers are 

dependent on synthetic N-fertilizers, ignoring the benefits of exploiting the BNF process and 

plant co-inoculation possibilities. Mineral nitrogen fertilization causes changes in the soil biota 

and, as a consequence, loss of fertility and resilience, returning the farmer to low levels of 

production and pollution of the environment. 

 

Rhizobia-based inoculants produce increases in morphological and yield parameters. 

Inoculation of common bean not only resulted in increased yield in 16 extensive fields over that 

of adjacent uninoculated fields, but also augmented agronomic N-fertilizer use efficiency 

(Yanni et al. 2016; Cántaro et al. 2019), and a more fortified grain (Fernández 2020). Moreover, 

rhizobial inoculants represent a low-cost alternative to reduce dependence on nitrogenous 

chemical fertilizers, diminishing production costs in grain legumes and improving soil fertility 

(Granda-Mora et al. 2017; Cántaro et al. 2019; Rodriguez et al. 2024). Selected rhizobial strains 

promote BNF under adverse conditions, increasing tolerance and inducing resistance to 

different biotic stresses (Lesueur et al. 2016). Soils harbor autochthonous populations of 

rhizobia where inoculation of legumes is not required. Given this situation soils could be used 

for the search and selection of effective rhizobial strains (Atieno and Lesueur 2019). At the 

commercial level there are inoculant formulations developed to favor the growth and survival 

of microorganisms (Lesueur et al. 2016). Worldwide, there are some collaborative efforts to 

validate the effect of BNF in common bean, among which the N2Africa project: Putting 

http://www.n2africa.org/
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Nitrogen fixation to work for smallholder farmers in Africa (www.N2Africa.org) stands out 

(Vanlauwe et al. 2019). 

 

Currently, in developing countries, common bean producers do not have the adequate 

technologies to allow them to increase plant production and be more competitive at the local, 

regional or national markets. Rhizobial inoculants, and the use of others biological products, 

would greatly favor the grain legume producing sector. In the last decades, bean producers are 

dependent on synthetic N-fertilizers, ignoring the benefits of exploiting the BNF process and 

plant co-inoculation possibilities. Mineral nitrogen fertilization causes changes in the soil biota 

and, as a consequence, loss of fertility and resilience, returning the farmer to low levels of 

production and pollution of the environment. 

 

 
 

Figure 1. Bacterial inoculants for legumes were the first applied forms of microbes in 

Agriculture some 123 years ago (Taken from Löhnis and Fred 1923) 

 

Single rhizobial inoculation on P. vulgaris 

 

Utilization of rhizobial inoculants for grain legumes is undoubtedly a sustainable technology, 

since it is possible to reduce the use of N-fertilizers in legumes-associated crops or when in 

rotation with them. Also, many species of rhizobia express plant growth promoting 

mechanisms, among them the synthesis of indoleacetic acid, ACC deaminase and hydrogenase 

activity, siderophores production, and others (Torres et al. 2020), causing the plant to show an 

increase in vigor and tolerance to many diseases (Aguilar-Ramírez et al. 2019). 

 

In recent years, much research works have analyzed at a global level the effects of inoculation, 

and co-inoculation, of rhizobia in common bean. Among the parameters studied are grain yield, 

protein content, number of pods, weight of 1000 grains, chlorophyll content, as well as 

symbiotic parameters such as the percentage of N derived from BNF, number and dry weight 

of nodules, and arrangement of nodules on the root system.  

 

Among the most significant indicators to evaluate the symbiotic efficiency of the plant-rhizobia 

interaction, both at the greenhouse and field levels, it should be highlighted the plant grain yield, 

the chlorophyll content, and the dry biomass of plants and nodules (Argaw et al. 2016; Tairo et 

al. 2017; Samago et al. 2018). An account on the effect of rhizobia inoculation on P. vulgaris 

under field conditions in different parts of the world is reported in table 2. 

http://www.n2africa.org/
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Table 2. Effects of rhizobia inoculation on P. vulgaris under field conditions in different parts of the world 

Cultivar 
Experimental 

conditions 
Inoculated rhizobia strain Main results Country Reference 

Hawassa 

Dume, 

Ibbado 

Field 

R. leguminosarum bv. 

Phaseoli sp. HB-429. 

Inoculation with Rhizobium sp. HB-429 and 20 kg 

P ha-1 increased plant growth, atmospherically 

derived nitrogen, nitrogen fixation, and grain yield 

by 19, 17, 54, and 48% compared to the non-

inoculated control. 

Ethiopia 
Samago et al. 

2018 

Gloria, 

NUA4 
R. tropici CIAT 899 

Inoculation of R. tropici CIAT 899 supplemented 

with N and P was, on average, superior to the non-

inoculated and non-supplemented control, and was 

also superior in non-degraded soils than in 

degraded soils. 

Zimbabwe 
Chekanai et al. 

2018 

Pérola R. tropici JPrG10A6 

Inoculation with Rhizobium strains improved grain 

yield. R. tropici JPrG10A6 yielded BNFs ranging 

from 64.2 to 75.8%. 

Brazil 
Moreira et al. 

2018 

Eclipse and 

Redhawk 

R. leguminosarum bv. 

phaseoli OrgK9 

Grain yield of plants inoculated with OrgK9 

increased significantly by 13.3% compared to the 

control treatment. 

USA 
Abou-Shanab et 

al. 2019 

Pérola 

R. etli UFLA 02-100, R. 

leguminosarum bv. phaseoli 

UFLA 02-127 

Increase in grain yield of 13.9% and 14.5% when 

inoculated with strains UFLA 02-100 and UFLA 

02-127, respectively, compared to the control 

treatment without nitrogen fertilization 

Brazil 
Nogueira et al. 

2017 
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Canario 

centenario 

Rhizobium LMT10 and 

LMT15 

Inoculation with Rhizobium LMT10 increased 

grain yield by only 3.1% compared to the control 

treatment. 

Peru 
Cántaro-Segura 

et al. 2019 

Panamito 

Rhizobium tropici CIAT899, 

Rhizobium freirei PRF81, 

Rhizobium sp. E10, 

Rhizobium sp. Colombia, and 

Rhizobium sp. Hg 

The inoculation with Rhizobium sp. E10 increased 

yield (1,257.50 ± 143.10 kg/ha) and was superior 

to that of the other strains and treatments, 

exceeding the nitrogen treatment (1,104.83 ± 84.84 

kg/ha) by 13.81% and the non-inoculated control 

(822.31 ± 41.27 kg/ha) by 52.92%. 

Peru 
Rodríguez et al. 

2024 
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Co-inoculation of P. vulgaris with rhizobia and AMF 

 

In addition to rhizobia, legumes are capable of performing symbiosis with AMF, 

establishing a so called tripartite symbiosis (Estrada-Navarrete et al. 2016). This type of 

interaction allows legumes to consider them pioneer and colonizing plants, capable of 

growing under limiting and stress conditions (Nadeem et al. 2014). Although tripartite 

symbioses are still poorly understood (Wang et al. 2021), they constitute an important 

source of biotechnological resources for legume inoculation, and common beans is not an 

exception. 

 

Most studies on co-inoculation of rhizobia and AMF show far greater benefits than 

individual inoculation for the host plant. Razakatiana et al. (2020) found that the dual 

inoculation of common bean grown in acidic tropical soils of Ethiopia with the AMF 

Acaulospora sp. and Glomus sp. together with 10 efficient rhizobia strains increased the 

total N and P content, the shoot dry weight, the number of nodules, the mycorrhization 

rate of the plants; and a greater soil phosphatase activity. The nodule number and 

mycorrhization percentage, and the accumulation of Mg, K, and Zn at the seed level were 

also positively affected by AMF inoculation (Massa et al. 2020). 

 

Co-inoculation of the AMF Rhizophagus irregularis and Rhizobium sp. on P. vulgaris 

grown under hydroponic conditions also resulted in greater grain yield than in plants 

treated either with R. irregularis or Rhizobium (Hidalgo et al. 2019). However, synergistic 

cooperation between microorganisms does not always happen. This is the situation for 

Medicago truncatula mutant plants, which do not establish symbiosis with rhizobia and 

are present only at low abundance at the rhizosphere and root level when inoculated with 

AMF (Wang et al. 2021). 

 

 

Using quantitative microbiome profiling (QMP, Vandeputte et al. 2017), a method that 

integrates absolute quantification of microbial abundances into next-generation 

sequencing (NGS) data, Wang et al. (2021) found that mutants of M. truncatula that do 

not establish symbiosis with rhizobia and AMF show an altered quantitative microbial 

abundance at the rhizosphere and root level. Nanjareddy et al. (2017) reported that the 

tripartite symbiosis increases the expression of genes in common beans related to defense, 

cell wall structure, N and P metabolism, having an impact on the synergistic effects of co-

inoculation. Effects of co-inoculation of rhizobia and AMF on agronomic parameters of 

P. vulgaris under fields and greenhouse conditions are presented in table 3. 

 

Using quantitative microbiome profiling (QMP, Vandeputte et al. 2017), a method that 

integrates absolute quantification of microbial abundances into next-generation 

sequencing (NGS) data, Wang et al. (2021) found that mutants of M. truncatula that do 

not establish symbiosis with rhizobia and AMF show an altered quantitative microbial 

abundance at the rhizosphere and root level. Nanjareddy et al. (2017) reported that the 

tripartite symbiosis increases the expression of genes in common beans related to defense, 

cell wall structure, N and P metabolism, having an impact on the synergistic effects of co-

inoculation. Effects of co-inoculation of rhizobia and AMF on agronomic parameters of 

P. vulgaris under fields and greenhouse conditions are presented in table 3. 
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Table 3. Effect of co-inoculation of rhizobia and arbuscular mycorrhizal fungi on agronomic parameters of P. vulgaris  

Variety 
Experimental 

conditions 

Inoculated rhizobia 

strain + AMF 
Main results Country  Reference 

Speed 

wonder 
Greenhouse 

R. leguminosarum 

bv. phaseoli + R. 

tropici + Glomus sp. 

Co-inoculation of both symbionts 

increased the dry weight of the shoot 

and root parts. There was a significant 

increase in yield in co-inoculated 

treatments compared to control 

treatments (103%) and single 

inoculations with rhizobia (60.6%) or 

AMF (44.4%). 

Japan Aryal et al. 2003 

Goli Field 

R. phaseoli + G. 

mosseae + P. 

fluorescens 

Co-inoculation of treatments increased 

grain yield by 62% and stomatal 

conductance by 83%, compared to the 

control treatment. 

Iran 
Seyahjani et al. 

2020 
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Co-inoculation of P. vulgaris with rhizobia and rhizospheric bacteria 

 

Bacteria associated with the plant rhizosphere constitute the rhizosphere microbiome, an 

important reservoir of microbial species with plant growth promoting properties. This 

"hot-spot" of soil-plant-microorganism interactions constitutes an invaluable resource to 

face the challenges of agricultural sustainability in the 21st century (Xun et al. 2021). The 

rhizospheric microbiota modulates 3 crucial aspects in plants, 1) Acquisition of nutrients, 

2) Tolerance to abiotic stresses, such as water and salinity, among others, and 3) The 

suppression of pathogens (Zhang et al. 2021). These issues are solved through 

mechanisms such as N2 fixation, phosphate and potassium solubilization, siderophores 

production, as well as phytostimulation through the production of different 

phytohormones. Bacterial genera such as Acidithiobacillus, Aminobacter, Arthrobacter, 

Azoarcus, Azospirillum, Azotobacter, Bacillus, Burkholderia, Clostridium, Enterobacter, 

Gluconoacetobacter, Pseudomonas, Serratia, and Sphingomonas have managed to 

demonstrate their great capacity to promote plan growth properties (Velasco et al. 2020). 

 

In general, rhizospheric bacteria, when inoculated in legumes together with specific and 

effective rhizobia strains show increased physiological and agronomical parameters when 

compared to their corresponding uninoculated controls (Ju et al. al. 2020). In this sense, 

inoculation of common bean with a bacterial consortium made of B. proteolyticus strain 

MK123398, B. wiedmannii strain MK123399, P. plecoglossicida strain MK123400, P. 

cedrina strain MK123401, and B. xiamenensis strain MK123402, significantly increased 

plant growth, but not the total nitrogen concentration (Abdelsalam et al. 2020). Moreover, 

Al-Ali et al. (2021) reported that co-inoculation of rhizobacteria isolated from Ocimum 

basilicum and effective rhizobia enhanced the growth of P. vulgaris. Similarly, 

inoculation of common bean with Streptomyces laurentii strain FCL6 and Sinorhizobium 

sp. strain FPK12 significantly increased the shoot dry weight of the plants. Most of the 

bacteria used in the above mentioned experiments showed PGPR characteristic, 

expressing BNF capacity, solubilization of inorganic phosphate, and production of 

ammonia and phytohormones. Gupta and Pandey (2019) reported that double inoculation 

of P. vulgaris with Aneurinibacillus aneurinilyticus strain ACC02 and Paenibacillus sp. 

strain ACC06 alleviated the negative effects of salt stress, obtaining increases in root 

length (110%), root fresh weight (45%), shoot length (60%), and in the chlorophyll 

content (57%). Table 3 shows the effects of co-inoculation of rhizobia and arbuscular 

mycorrhizal fungi on agronomic parameters of P. vulgaris. 

 

Co-inoculation of rhizobia with endophytic bacteria 

 

Most plants establish close associations with endophytic soil bacteria and fungi capable 

of colonizing different organs including roots, nodules, leaves, flowers, and seeds of the 

plants. Thus, a very exclusive ecological niche is formed, better known as the plant 

endosphere (Dudeja et al. 2012). Once bacteria colonize the interior of the roots, they can 

spread to other plant tissues through the wounds produced during the emergence of the 

root hairs or the infection thread left by the rhizobia during the infection process. Other 

microorganisms enter the plants through their stomata, or producing cell wall degradation 

by lytic enzymes including pectinases and/or cellulases. Among the main endophytic 

bacteria associated with P. vulgaris is worth mention Agrobacterium sp. (Mhamdi et al. 

2005), A. tumefaciens (Säidi et al. 2011), A. leguminum (Castellano-Hinojosa et al. 2021); 

Achromobacter sp., Enterobacter sp., Serratia proteamaculans, S. liquefaciens, 
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Pseudomonas sp., Pantoea sp. (Aserse et al. 2013); Herbaspirillum lusitanum (Valverde 

et al. 2003), Phyllobacterium endophyticum (Flores-Félix et al. 2013), Fontibacillus 

phaseoli (Flores-Félix et al. 2014), Acinetobacter sp., Enterobacter sp., Delftia sp., 

Klebsiella sp., Pseudomonas sp., Providencia sp., Rhizobium sp. (Wekesa et al. 2017), 

and R. hidalgonense (Yan et al. 2017). 

 

Root nodules constitute a "hotspot" of microbial diversity capable of providing benefits 

to the legume when co-inoculated with their respective effective N2-fixing rhizobia 

(Martínez-Hidalgo and Hirsch 2017, Ríos-Ruiz et al. 2019). Korir et al. (2017) informed 

about an increase in growth promotion of P. vulgaris inoculated with B. megaterium strain 

HK6 and Paenibacillus polymyxa strain HK1 isolated from nodules of common beans 

plants grown in Kenya when they were used for co-inoculation with Rhizobium sp. IITA-

PAU 987 and Rhizobium sp. IITA-PAU 983, respectively. Inoculation of P. vulgaris with 

endophytic B. subtilis and Methylobacterium sp. also increased the photosynthetic 

capacity of the plants, this explaining the effect on growth promotion (Darkazanli et al. 

2021). Ismail et al. (2021) have also shown that application to P. vulgaris of secondary 

metabolites produced by Brevibacillus agri strain PB5 resulted in higher length of the 

aerial part (23.2%), content of root carbohydrates (9%), amylase activity (58.8%), 

peroxidase activity (15.4%), and abscisic acid content (28.6%), lending support to the 

idea that those effects could be explained by an augmented photosynthetic capacity of the 

plants. 

 

In the search for microorganisms with synergistic effects to increase yield of common 

bean, nodule endophytic bacteria constitute an excellent opportunity to select future 

inoculants. Co-inoculation of Bacillus sp. UFLA strain 02-286, B. fungorum strain UFLA 

04-227, and Pseudomonas sp. strain UFLA 02-281/03-18 with R. tropici CIAT 899 

contributed to growth promotion and control of Rhizoctonia in P. vulgaris (Ferreira et al. 

2020). Previously, Kumar et al. (2016) had reported that inoculation of common bean 

with a bacterial consortium made of Bacillus sp. strain RPN5, Pseudomonas sp. strain 

BPR7, and R. leguminosarum strain PPR8 isolated from nodules of P. vulgaris increased 

the growth and grain yield of the plants, increases that were attributed to expression of 

PGPR properties including the production of phytohormones and siderophores, ability for 

phosphate solubilization, and ACC deaminase activity. Results concerning the effects of 

inoculation and/or co-inoculation of rhizobia and endophytic bacteria on agronomic 

parameters of P. vulgaris under different types of abiotic stress are presented in table 4. 

 

Rhizobial inoculants against stresses 

 

Inoculants constitute a supplementary option for reducing production costs, and 

increasing soil fertility and plant productivity. Application of biological inoculants also 

results in decrease of the employ of mineral fertilizers involved in soil and water 

contamination as well as in the production of greenhouse gases (Hungria and Mendes, 

2015). Alterations in the environmental conditions due to climate change may also affect 

soil fertility with the concomitant deployment in crops production. However, billions of 

microorganisms inhabiting the soil not only provide ecosystems services, but also they 

contribute to plant protection under biotic and abiotic stress conditions (Santos-Villalobos 

et al. 2018). Microorganisms have been shown to increase plant resistance to diseases and 

to the attack by pests (El-Saadony et al. 2022; Liu et al. 2025) through production of 

elicitors, molecules that induce the expression of genes related to pathogenesis (Rejeb et 

al. 2014; Enebe and Babalola 2019). 
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Table 4. Effect of co-inoculation of rhizobia and rhizospheric bacteria on agronomic parameters of P. vulgaris 

Variety 
Experimental 

conditions 

Inoculated rhizobia strain + 

AMF 
Main results Country Reference 

Pérola Field 
R. tropici + A. brasilense + T. 

asperellum 

The co-inoculation of R. tropici and A. 

brasilense increased grain yield by up to 

21.4%, compared to the control treatment. 

Brazil 
Cardoso and 

Ferreira (2021) 

Nativas Greenhouse 
Bacillus + P. fluorescens + 

Rhizobium sp. 

Co-inoculation with rhizospheric bacteria 

increased plant height by 29.9%, dry 

weight of the aerial part by 60.6%, and root 

dry weight by 160%. 

Iran 
Kalantari et al. 

(2018) 

Nativas 

Greenhouse 

R. leguminosarum RPN5 + 

Bacillus BPR7+ 

Pseudomonas PPR8 

Co-inoculation of rhizospheric bacteria 

increased the germination percentage and 

number of pods per plant. 

Iran 
Kumar et al. 

(2016) 

Field 

Co-inoculation of rhizospheric bacteria 

increases grain yield by 63.63% compared 

to the non-inoculated control treatment. 
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Rhizobial inoculants against abiotic stress 

 

Abiotic factors cause severe limitations in the productivity of legumes. Salinity, 

waterlogging, frost, drought, heat, and heavy metals, reduce yield of grain legumes. In 

most occasions, the number of flower buds decreases and, consequently, the number of 

pods, especially when the stress occurs at the flowering stage (Morales et al. 2017; Singh 

et al. 2021). At the grain level, abiotic factors reduce quality and composition in the 

content of starch, protein, oil, fatty acids, amino acids, sugars, and dietary fiber, as well 

as in the concentration of minerals and vitamins in the grains (Sarkar et al. 2021). FBN is 

probably the process most affected by any of the abiotic factors mentioned above, a reason 

why nodulated legumes have developed defense mechanisms, including production of 

reactive oxygen (ROS), nitrogen (RNS), sulfur species (RSS), and antioxidant enzymes, 

and also the triggering of physiological regulation mechanisms during grain formation 

(Matamoros and Becana 2021). 

 

There is a consensus that rhizobia tolerate limiting conditions better than the leguminous 

plant itself (El-Attar et al. 2019), and that legumes are more tolerant to abiotic factors 

when in symbiosis with rhizobia (Etesami and Adl 2020; Sindhu et al. 2020). Therefore, 

the inoculation of common bean with effective N2-fixing rhizobia that show tolerance to 

different abiotic stresses and co-inoculation of rhizobia with PGPRs or AMF constitute 

an excellent opportunity to improve common bean productivity under abiotic stress 

conditions (Dardanelli et al. 2008; Figueiredo et al. 2008; Yanni et al. 2016; Lastochkina 

et al. 2021). 

 

Water stress 

 

Water stress usually results in inactivation of nitrogenase, the enzyme responsible for the 

reduction of N2 to ammonia (NH4
+). Absence of symbiotic N2-fixation has a pronounced 

negative effect on grain productivity, especially in the arid and semi-arid tropics (Coleto 

et al. 2014). Depending on the legume genotype, reduction in grain yield can reach up to 

80% (Rodiño et al. 2020; Sindhu et al. 2020). 

 

Drought-tolerant common bean specific rhizobia have been selected whose inoculation, 

whether alone or in co-inoculation with other PGPRs, increased resistance to water stress 

Zahran et al. 1999; Mnasri et al. 2007). The most representative studies under drought 

stress are reviewed in table 5. 
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Table 5. Effect of inoculation and/or co-inoculation of rhizobia and other microorganisms on agronomic parameters of P. vulgaris under hydric stress. 

Variety 
Experimental 

condition 
Stress condition 

Rhizobia strain 

inoculated or co-

inoculated with other 

microorganisms 

Main results Country Reference 

Ten genotypes Greenhouse/Field 

Without water stress: 80-

100% field capacity. With 

water stress: less than 40% 

field capacity. 

Ten rhizobia strains 

The interaction between bean 

genotypes with rhizobia strains 

allowed the identification of 

pairs that are efficient in 

protecting against drought. 

Spain 
Rodiño et al. 

2020 

BRS Pérola Greenhouse 

Three irrigation regimes: 

No stress, 100% field 

capacity; moderate stress, 

50% field capacity; and 

severe stress, 25% field 

capacity. 

R. tropici + A. 

brasilense 

Co-inoculation improved leaf 

membrane stability and 

minimized water loss from leaf 

tissue. It also reduced flower 

abortion under moderate drought 

conditions. Grain yield was also 

affected. 

Brazil 
Steiner et al. 

2020 

Hawasa-Dume Field 
Contrasting precipitation 

conditions 

R. phaseoli strain 

HAMBI 3562 

Rhizobia inoculation improved 

grain yield by up to 129% under 

drought conditions, compared to 

the control. 

Ethiopia 
Aserse et al. 

2020 

Goli Greenhouse 

Treatments receiving 70, 

110 and 150 mm of 

irrigation 

R. phaseoli + G. 

mosseae + P. 

fluorescens 

Co-inoculation of this variety 

subjected to 170 mm of 

evaporation increased grain yield 

by up to 184.4% compared to the 

control. 

Iran 
Seyahjani et al. 

2020 
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Grafite 

(Brasil)/Bonus 

(Mozambique) 

Field 

Two levels of irrigation at 

the beginning of 

flowering: 1) 24% of field 

capacity, 2) Until reaching 

the wilting point in the 

soil (13%) 

R. tropici BR534, 

BR520, BR322 + H. 

seropedicae HRC54 

The physiological recovery of 

common beans after a drought 

event was better in co-inoculated 

treatments. 

Brazil 
de Piedade 

Melo et al. 2017 

Giza Greenhouse 
Systems subjected to 50% 

field capacity for 50 days 
R. etli RB5/1, RB7/1. 

Inoculation of drought-tolerant 

strains increased plant weight 

from 2,718 to 3,314 g, under 

drought conditions. 

Egypt 
Yanni et al. 

2016 
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Salt stress 

 

Roughly 40% of the world’s surface area is under saline conditions (Shrivastava and 

Kumar 2015; Corwin et al. 2021). Salt affects plant growth because the ability to take up 

water from the soil is diminished or because salt crystals damage cells, reducing their 

growth. Saline stress has repercussions on germination, photosynthetic pigments, 

nutritional balance, oxidative stress, and plant yield (Parihar et al. 2015). Some 

microorganisms with PGPR properties increase water absorption capacity, uptake of 

essential nutrients, and the production of osmolytes and of enzymatic activities in plants 

(Ha-Tran et al. 2021). Legumes are highly sensitive to salt stress, mainly during the early 

stages of their growth. The legume-rhizobia symbiosis is also affected by salt due to its 

negative effect on the chlorophyll content of the plant, the survival of rhizobia, the plant 

infection process, the nodule formation, and, consequently, the symbiotic efficiency 

(Uyanöz and Karaca 2012; Sindhu et al. 2020). In addition to oil and protein content, 

moderate salinity conditions cause imbalance in the mineral composition of the grain, 

especially in K+ and Ca2+ (Uyanöz and Karaca 2012; Sarkar et al. 2021). Salt stress has 

been shown to reduce grain yield by up to 41% in P. vulgaris (Sarkar et al. 2021). In 

contrast to the plant, rhizobia contain and express genes related to osmotolerance (Faghire 

et al. 2012), and are capable of tolerating up to 6% NaCl in vitro conditions (Cardoso et 

al. 2017). Inoculation of rhizobia and co-inoculation with other microorganisms are 

capable of increasing tolerance to salinity stress. Reports on the effect of salt stress on 

common bean are detailed in table 6. 

 

Temperature stress 

 

Considered individually, both rhizobia and legumes are affected by temperature (Hungria 

and Franco 1993). Early studies by Piha and Munns (1987) informed that nodules 

produced at high temperatures were smaller than those of the control plants, and showed 

reduced N2 fixation efficiency. Later, Hungria and Kaschuk (2014) reported that 

inhibition of N2 fixation by high temperatures reduced the nitrogen exported from the 

nodules. Temperature adversely affects the survival of rhizobia (Sindhu et al. 2020). 

Although generally considered there are wide differences in tolerance to temperature, 

some rhizobial species are highly tolerant, such as R. tropici and R. leucaenae (Ormeño-

Orrillo et al. 2016; Cardoso et al. 2017) (table 7) 

 

Acidic stress 

 

In the same way, certain rhizobia are widely tolerant to soil acidity (Guerrero-Castro et 

al. 2018; Rodirguez et al. 2024), being those of the tropici group, R. tropici and R. 

leucaenae, good competitors and N2 fixers under low soil pH conditions. The challenge 

of maintaining the intracellular pH in the symbiosome around 7.2 to 7.5 is one of the 

mechanisms of tolerance to acidity (Ormeño-Orrillo et al. 2016).  

 

Biotic stress 

 

Rhizobacteria showing plant growth characteristics may display biocontrol properties by 

triggering plant mediated induced systemic resistance (ISR) against biotic stresses like 

those produced by pathogens and pests. Production of antimicrobial compounds and 

siderophores, and competitive omission for nutrients to suppress pathogens are also 

employed by PGPR to prevent biotic stresses. 
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Table 6. Effect of inoculation and/or co-inoculation of rhizobia and other microorganisms on agronomic parameters of P. vulgaris under 

salinity stress. 

Variety 
Experimental 

conditions 

Stress 

conditions 

Rhizobium strain 

inoculated or co-

inoculated with other 

microorganisms 

Main results Country Reference 

Negro 

Jamapa/Bush 

Blue Lake 

Greenhouse 
0 mM NaCl y 

25 mM NaCl 

R. tropici CIAT 899 + 

R. etli ISP42 + C. 

balustinum Aur9 

Nodule primordia formation was 

higher in the co-inoculated 

treatments under saline 

conditions. Co-inoculation 

alleviates the negative effects of 

salinity on nodule number and 

size. 

Spain 
Estévez et al. 

2008 

Orzu Field 

Soil salinity 

level5.6 dS m-

1 

R. phaseoli R9 and M. 

ciceri R6 

Increases in parameters such as 

height, plant biomass, and 

number of nodules. Yield and 

grain protein content increased 

by 35% and 27.4%, respectively, 

compared to the non-inoculated 

treatment. 

Uzbekistan 
Khaitov et al. 

2020 
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Table 7. Effect of inoculation and/or co-inoculation of rhizobia and other microorganisms on agronomic parameters of P. vulgaris under 

temperature stress. 

Variety 
Experimental 

conditions 

Stress 

conditions 

Rhizobium strain 

inoculated or co-

inoculated with other 

microorganisms 

Main results Country Reference 

Red Kidney Greenhouse 
34/28°C 

(Day/night) 
R. tropici CIAT 899 Significant decrease in nodule number USA 

Piha and 

Munns 1987 

Negro Argel 
Acetylen 

Reduce Assay 

28, 35 and 

40°C 
R. tropici CIAT 899 

Synthesis of heat shock proteins, 

increased synthesis in 6-fold at 45°C 
Belgium 

Michiels et al. 

1994 

Negro Argel Greenhouse 
39/23°C 

(Day/night) 

R. tropici BR814, 

BR817, CIAT 899 

N2 fixation and NO3
− assimilation are 

decreased significantly by 

temperatures above 34 °C. 

Brazil 

Hungria and 

Kaschuk, 

2014 
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Bacterial inoculants involved in generation of resistance to diseases display a number of 

characteristics including antagonism and/or antibiosis properties, competitive omission 

for nutrients, production of extracellular enzymes and siderophores, and quorum 

quenching between rhizobia and other accompanying microorganisms against 

phytopathogens (Salomon et al. 2017; Volpiano et al. al. 2019). 

 

The plant defense mechanisms prime the plant to respond faster and more effectively to 

future attacks by enhancing physical barriers and activating defense-related genes, with 

jasmonic acid and ethylene playing central roles in the ISR signaling pathway (Van der 

Ent et al. 2009; Vieira et al. 2024). Rhizobia not only fulfill the function of fixing N2 and 

developing optimal plant growth, but they can also reduce the incidence of diseases. 

These mechanisms of action may also be associated with the production of lytic enzymes 

and secondary antimicrobial metabolites, including the production of siderophores, 

secretion of rhizobitoxin or other bacteriocins, induction of systemic resistance, 

mycoparasitism, production of antimicrobial volatiles compounds, and competition for 

niche and nutrients (Volpiano et al., 2019). 

 

Bacterial diseases 

 

Among the diseases produced by bacteria, a few phytopathogens stand out; however, 

there are reports on the effect of rhizobia inoculation and co-inoculation with other 

microorganisms on the control of phytopathogenic bacteria in common bean. Thus, 

bacterial common blight is caused by the Gram-negative bacterium Xanthomonas 

axonopodis pv. phaseoli. This phytopathogen attacks leaves, pods, and seeds of P. 

vulgaris causing losses in yield and grain quality of up to 45% (Belete and Bastas 2017). 

Inoculation of R. phaseoli strain BJ-5 in P. vulgaris reduced the severity of the attack by 

common blight (Aguilar-Ramirez et al. 2019). Similarly, the phytopathogen 

Pseudomonas syringae pv. phaseolicola produces watery yellow spots in leaves of P. 

vulgaris followed by necrosis. The phytopathogen causes up to 43% of the total yield due 

to the poor quality of the pods (Zhang et al. 2017). Also, Diaz-Valle et al. (2019) informed 

that inoculation of R. etli strain CE3 resulted in 75% reduction of the lesions produced 

and 50% of the bacterial population, compared to common bean inoculated only with the 

phytopathogen. Plant wilting caused by the Gram-positive bacillus Curtobacterium 

flaccumfaciens pv. flaccumfaciens causes chlorosis and necrosis of the leaves of common 

beans (Huang et al. 2007; Osdaghi et al. 2020). A few studies reported on inoculation of 

rhizobia in common bean to control bacterial wilt caused by that phytopathogen (Huang 

et al. 2007). The authors showed that common bean co-inoculated with R. leguminosarum 

bv. viceae strain R21 together with C. flaccumfaciens strain YSB-2 isolated from Pisum 

sativum showed both a 90% increase in seedling emergence compared to 56% of the 

control treatment, and a decreased in the severity index from 2.53 to 0.82. These results 

suggest that rhizobia can be potential candidates for the biological control of 

phytopathogenic bacteria in P. vulgaris (table 8).
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Table 8. Effect of inoculation and/or co-inoculation of rhizobia and other microorganisms on agronomic parameters of P. vulgaris against 

phytopathogen 

Variety 
Experimental 

conditions 
Stress conditions 

Rhizobium strain inoculated 

or co-inoculated with other 

microorganisms 

Main results Country  Reference 

Dolly 

Green 

Bean, Cora 

Green 

Bean, and 

Local 

Black 

Green 

Beans 

Field 

Xanthomonas 

axonopodis pv. 

phaseoli  

Rhizobium 

Rhizobium inoculation of the local 

bean variety resulted in a higher 

number of pods and a 32.6% 

reduction in disease severity. 

Cameroon 
Evelyn et al. 

2024 

Rosecoco 

(GLP2) 

Greenhouse 

C. lindemuthianum R. tropici CIAT 899 

Disease tolerance due to increased 

peroxidase (36.5%), ascorbate 

peroxidase (29.2%), and lipid 

peroxidase (142.9%). 

Kenya 
Karoney et al. 

2020 

Pérola R. solanii 

Coinoculation of nodule 

endophytic bacteria 

Bacillus, Paenibacillus, 

Burkholderia and 

Pseudomonas, and R. 

tropici CIAT 899 

Effective control of damping-off in 

soil. Reduction in disease index (%) 

by Burkholderia fungorum UFLA 

04-227 + R. tropici CIAT 899 by 

65.5% compared to the control. 

Brazil 
Ferreira et al. 

2019 
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Fungal diseases 

 

Fungal diseases in bean crops are the main cause of low productivity worldwide, causing 

losses of 80 to 100% in yields and quality (Schmidt et al. 2019). Rhizobia, however, can 

control the adverse effects of phytopathogenic fungi, among them Macrophomina 

phaseolina, Fusarium oxysporum, F. solanii, Sclerotinia sclerotiorum, R. solani, and 

Colletotrichum sp. (Kumar et al. 2016; Das et al. 2017, Karoney et al. 2020). 

 

Efficient symbiotic N2 fixers rhizobia and other rhizobacteria expressing antagonism 

properties against phytopathogenic fungi constitute a good strategy for the production of 

common bean bioinoculants. Mycoparasitism, competition for nutrients, production of 

antibiotics, and antifungal secondary metabolites (e.g. hydrogen cyanide, HCN), and 

production of siderophores increased plant health and reduced susceptibility to attack by 

pathogens (Schmidt et al. 2019). 

 

The vascular wilt caused by the cosmopolitan saprophyte F. oxysporum in common bean 

represents one of the most important phytosanitary problems worldwide. The fungus 

survives for a long time in soils, drastically affecting the root system and causing yield 

losses of up to 53% (Reyes et al. 2019). Utilization of PGPR including Bacillus sp., 

Streptomyces sp., Azotobacter, and Rhizobium to fight against fungal diseases has gained 

interest. Rhizobium-induced ISR in common bean against F. oxysporum increased 

agronomic parameters and reduced the severity index (Hassan Dar, 1997; Sunyar et al. 

2024). Barquero et al. (2016) reported that co-inoculation of P. vulgaris with R. 

leguminosarum strain LET1910 together with B. siamensis FA1 reduced the severity 

index of the phytopathogen by 50% respect to the control treatments. The same authors 

showed that 84% of the Rhizobium strains used for inoculation were antagonists of the 

fungus, with strains SEMIA 489 and SEMIA 4088 decreasing the incidence of the disease 

by 19.9% and 17.5%, respectively. R. solanii is responsible for the pre- and post-

emergence damping-off problems produced in common bean (table 8). 

 

Phytonematode diseases 

 

P. vulgaris is sensitive to attack by phytonematodes, causing considerable losses ranging 

between 55-90% in grain yield and quality (Singh and Schwartz 2010). The gall-inducing 

nematode Meloidogyne together with Acanthoscelides sp., Pratylenchus sp. (Bonfim et 

al. 2021), Heterodera sp. (Trueman et al. 2022), and Radopholus sp. (Van der Veken et 

al. 2020, 2021) are the most economically damaging genera of plant-parasitic nematodes 

on agricultural crops. 

 

Van der Veken et al. (2020) studied the bioprotective effect of R. etli strain CNPAF512 

after inoculation of P. vulgaris cv. BAT 477a against the root-knot sedimentary M. 

incognita and the burrowing R. similis nematodes using an in vitro autotrophic tripartite 

culture system. The authors showed that both pre-inoculation and simultaneous 

inoculation with R. etli significantly suppressed the reproduction of both phytopathogens. 

While no significant differences in root length were observed, plants inoculated with the 

R. etli strain showed greener and more abundant leaves. Also, significant plant growth-

promoting effect of single G. mosseae and R. etli strain CNPAF512 colonization was 

observed after inoculation of common bean with R. similis. Single AMF and rhizobial 

colonization also resulted in a significant bio-protective effect against R. similis (Van der 

Veken et al. 2021). 
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Viral diseases 

 

Viral infections may cause diseases of great economic losses in P. vulgaris, being the most 

common the so called bean common mosaic virus, bean common mosaic necrosis virus, 

bean pod mottle virus, southern bean mosaic virus, bean golden yellow mosaic virus, and 

the beet curly top virus (Meziadi et al. 2017). Virus diseases block the development of 

symbiotic nodules, probably because rapid viral replication in the meristematic cells of 

the nodule prevents their complete development, originating the consequent reduction in 

N2 fixation activity (Izaguirre-Mayoral and Garrido 2010; López et al. 2016). Seed 

inoculation of P. vulgaris cv. Magdaleno with a pure culture of the southern bean mosaic 

virus together with a commercial inoculant composed of 5 different strains of R. 

leguminosarum biovar phaseoli increased growth of the plants by 80% (López et al. 

2016). 

 

Herbivorous insects 

 

Rhizobia are considered as biological control agents since they have the potential to 

suppress pathogenic microorganisms and induce systemic resistance (Vieira et al. 2024). 

Although research on the effects of rhizobia on herbivorous insects are scarce as expected, 

the R. etli-P. vulgaris symbiosis enhanced plant growth by providing fixed N2 (Bustos-

Segura et al. 2024). Ruiz-Santiago et al. (2020) found no differences for oviposition by 

the whitefly Bemisia tabaci between inoculated and uninoculated plants. Moreover, R. 

etli stimulated general plant health and induced systemic resistance to pathogens. In an 

experiment aimed to test the effects of rhizobia inoculation on insect attraction in wild 

lima bean (P. lunatus) plants, Godschalx et al. (2023) showed that without affecting 

overall plant size, rhizobia altered plant cyanogenesis and soluble leaf nitrogen and, most 

interesting, the insect communities visiting the plants. These results suggest that 

symbiotic microbes mediate trophic interactions by influencing both direct and indirect 

plant defenses against herbivores. 

 

Way forward 

 

Nitrogen (N) is a key element for life since it is a basic component of proteins and nucleic 

acids. Despite accounting for approximately 78% of the Earth´s atmosphere, the N 

chemical form is not usable by most organisms due to the significant amount of energy 

required to break the triple bond between the two N atoms. But, some specialized 

microorganisms, such as free-living and legume-symbiotic rhizobial symbioses have 

developed the ability to convert atmospheric N2 into NH4+ via BNF (Vitousek et al. 

2013). During pre-industrial times, for decades, practices such as crop rotation, use of 

legumes for BNF, or application of livestock manure and guano have been traditionally 

used to increase crop production. The need, however, to feed a growing population 

favoured the massive use of synthetic N-fertilizers. It is estimated that more than a quarter 

of the world population over the past century has been fed by chemical N-fertilization 

(Ramankutty et al. 2018). Therefore, the benefits that they represent for the livelihood of 

the population on a global scale are undeniable (Erisman et al. 2015). Nevertheless, the 

nitrogen-use efficiency in agriculture is extremely low. Volatilization, leaching, soil 

erosion and denitrification processes result in the loss of most of the applied N, leading 

to field recoveries that rarely exceed 50% (Smil 2011). Consequently, an excessive use of 

N-fertilizers has occurred that has lead to increased levels of reactive nitrogen species, 

among them nitrous oxide (N2O), nitrate (NO3
–), nitrite (NO2

–), ammonia (NH3), and 
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ammonium (NH4
+), both in terrestrial and aquatic ecosystems and atmosphere (Fowler et 

al. 2013). 

 

Through BNF, N2 passes from an inert (N2) to a biologically active form (NH4
+) that can 

already be used by microorganisms and plants for the synthesis of the nitrogenous 

compounds necessary for their growth (Poole et al. 2018). Much of the N assimilated 

during plant growth returns to the soil where the next crop can take advantage of it. This 

explains why legumes are plants that fertilize the soil where they are grown, and their 

ancestral use in crop rotation, and in current revegetation and reforestation programs 

(Rodiño et al. 2011). 

 

Native to Central and South America, the common bean is an annual legume that is 

currently cultivated in countries on all continents by small farmers and large producers, 

with both green pods and dried seeds being marketed. Common bean is among the three 

most important legume crops worldwide along with soybean (Glycine max) and peanut 

(Arachis hypogaea). P. vulgaris grows in different soil-climatic conditions and exhibits 

varieties with contrasting ripening times and seeds with a wide variety of sizes, shapes 

and colors (De Ron et al. 2015). Despite the wide range of rhizobia with which the bean 

establishes N2-fixing symbioses, it is considered a poor plant with respect to N2-fixing 

capacity compared to other grain legumes, a problem attributed to the inefficiency of the 

rhizobia that nodulate it. It is in this sense that search for rhizobial strains capable of 

nodulating P. vulgaris with increased symbiotic N2 effectiveness could result in 

production of more efficient rhizobia-based biofertilizers. 

 

Denitrification is the process by which, under limiting O2 conditions, NO3
- is sequentially 

reduced to N2. During the reaction, nitrous oxide (N2O) can be formed and emitted to the 

atmosphere, thus contributing to the global climatic change (Bedmar et al. 2023). Most 

rhizobia do not contain, or not express, the whole set of genes required for complete 

denitrification, this resulting in N2O from nodulated roots. N2O emission by nodules of 

P. vulgaris was obtained in plants inoculated with strain CFN42 and treated with 2 or 4 

mM KNO3 (Hidalgo-García et al. 2019). Scientific knowledge on denitrification by 

nodules of P. vulgaris-nodulating rhizobia is unknown, and hence obtaining strains that 

do not produce N2O is a possibility for achieving improved bioinoculants. 

 

Modern agriculture faces challenges, such as loss of soil fertility, fluctuating climatic 

factors, and increasing pathogen and pest attacks. Sustainability and environmental safety 

of agricultural production relies on eco-friendly approaches like the use of biofertilizers. 

In the case of legumes, a good option for developing stress tolerant crops with minimized 

production costs and environmental hazards can be the use rhizobial strains with plant 

growth promoting properties as stress relievers. Rhizobia have been shown to express 

both direct and indirect characteristics to promote plant growth of legume and non-

legume plants (Gopalakrishnan et al. 2015). The multiplicity of beneficial effects of 

rhizobial inoculants emphasizes the need for further strengthening the research and their 

use as biofertilizers. 

 

P. vulgaris shows great variation in phenology and plant and seed phenotype, which 

enables its production in a wide range of agrosystems and cropping systems in The 

Americas, Africa, Middle East, China and Europe. It is expected that increased knowledge 

of the symbiotic interaction between different varieties of common bean and different 

rhizobia strains will contribute to the more efficient use of this crop and its associated 
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microbiota in order to achieve safer and more sustainable food production. By the other 

hand, the integration of the data currently available into the genebanks documentation 

systems and its combination with previous genetic and phenotypic data will open the 

future for the valorization of the common bean genetic resources and their use as a healthy 

future food source (De Ron et al. 2017). 

 

Inconsistent beneficial results have often been observed when plants have been inoculated 

with a single microorganism. This has led to consider the use of microbial consortia as an 

alternative to improve the effect of single inoculation. Specific co-inoculation may cause 

synergy by functioning as helper bacteria to improve the performance of the other 

bacteria. Accordingly, the combination of rhizobia, PGPR, and the host genotype has to 

be selected after careful evaluations. A range of PGPR can be used with rhizobia-

nodulating P. vulgaris that not only improves legume growth and yield but also cost 

effective and efficient, as the same time as soil, water and air pollution is reduced. 
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