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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 inoculacion de microorganismos, como los rizobios y otras bacterias promotoras
del crecimiento vegetal, se perfila como una opcion sostenible para mitigar los efectos negativos
de los fertilizantes quimicos nitrogenados. Los rizobios son bacterias del suelo que establecen
asociaciones simbioticas con las leguminosas para formar ndédulos en las raices (y a veces tallos)
en cuyo interior se lleva a cabo la fijacion bioldgica del N2 atmosférico. Ademads, la inoculacion
de rizobios produce otros beneficios para las plantas, como la promocién del crecimiento, el
control bioldgico de plagas y enfermedades, y la tolerancia a estreses producidos por factores
bioticos y abidticos. La utilizacién de bioinoculantes en judia (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 judias y de sus microsimbiontes,
la investigacion sobre el empleo de inoculantes a base de rizobios para aumentar la tolerancia
y productividad de las plantas sometidas a estrés es escasa. La aplicacion 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 revision, se exploran los beneficios
que la inoculacion proporciona a las judias cultivadas en condiciones de estrés, tanto a nivel de
inoculacion simple como de co-inoculacion con otros microorganismos del suelo. Por tltimo,
se destacan las perspectivas de investigacion en el desarrollo de inoculantes a base de rizobios
para aumentar el rendimiento de la judia 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; Lindstrom 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;
Martinez et al. 2017; Vo3 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 N»2-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! year'! (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'! year! (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. fropici forms highly efficient N»-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™! (Miiller 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 (Fernandez 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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alfa-proteobacteria

Genus Species Reference Origin
country
R. acidisoli Roman-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
Rhizobium R. grahamii Lopez-Lopez 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 Lopez-Lopez 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 Ramirez-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 Martinez-Romero et al. 1991 Colombia
R. vallis Wang et al. 2011 China
Pararhizobium P. giardinii Amarger et al. 1997 France
) E. americanum Toledo et al. 2003; Wang et al. 2013 Mexico
. Ens‘zfer‘ E. fredii Zurdo-Pifieiro et al. 2009 Spain
(Sinorhizobium) ) o
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

P. caballeronis Martinez-Aguilar et al. 2013 Mexico

Paraburkholderia P. phymatum Vandamme et al. 2002; Bournaud et al. Frepch
2013 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; Cantaro et al. 2019), and a more fortified grain (Fernandez 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; Cantaro 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; Cantaro et al. 2019), and a more fortified grain (Fernandez 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; Cantaro 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
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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 Lohnis 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-Ramirez 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.
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Table 2. Effects of rhizobia inoculation on P. vulgaris under field conditions in different parts of the world

Experimental

Cultivar o Inoculated rhizobia strain Main results Country Reference
conditions
Inoculation with Rhizobium sp. HB-429 and 20 kg
Hawassa . P ha'! increased plant growth, atmospherically
R. leguminosarum bv. . . . ; . . Samago et al.
Dume, Phaseoli sb. HB-429 derived nitrogen, nitrogen fixation, and grain yield Ethiopia 2018
Ibbado p- ' by 19, 17, 54, and 48% compared to the non-
inoculated control.
Inoculation of R. tropici CIAT 899 supplemented
Gloria with N and P was, on average, superior to the non- Chekanai ef al
’ R. tropici CIAT 899 inoculated and non-supplemented control, and was ~ Zimbabwe '
NUA4 . . . 2018
also superior in non-degraded soils than in
degraded soils.
Field Inoculation with Rhizobium strains improved grain Moreira et al
Pérola R. tropici JPrG10A6 yield. R. tropici JPrG10A6 yielded BNFs ranging Brazil '
2018
from 64.2 to 75.8%.
Eclipse and R. leguminosarum bv. inc(r}efzéz dyéﬁlig.lfcifgtsgnolc; ;i;ei;vnlqtha(r)erdgﬁgthe USA Abou-Shanab et
Redhawk phaseoli OrgK9 & y oy 13.570 p al. 2019
control treatment.
. Increase in grain yield of 13.9% and 14.5% when
. R et‘lz UFLA 02-100, & . inoculated with strains UFLA 02-100 and UFLA . Nogueira et al.
Pérola leguminosarum bv. phaseoli Brazil

UFLA 02-127

02-127, respectively, compared to the control
treatment without nitrogen fertilization

2017



MOE % Neps.s

Canario
centenario

Panamito

SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025

Inoculation with Rhizobium LMT10 increased
grain yield by only 3.1% compared to the control
treatment.

Rhizobium LMT10 and
LMT15

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%.

Rhizobium tropici CIAT899,
Rhizobium freirei PRF81,
Rhizobium sp. E10,
Rhizobium sp. Colombia, and
Rhizobium sp. Hg

Peru

Peru

Cantaro-Segura
etal. 2019

Rodriguez 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 AMEF,
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

Experimental Inoculated rhizobia

Variety conditions strain + AMFE Main results Country Reference
Co-inoculation of both symbionts
increased the dry weight of the shoot
. and root parts. There was a significant
Speed R. leguminosarum increase in yield in co-inoculated
p Greenhouse bv. phaseoli + R. y Japan Aryal et al. 2003
wonder rovici -+ Glomus S treatments compared to control
P p- treatments (103%) and single
inoculations with rhizobia (60.6%) or
AMF (44.4%).
R phaseoli + G Co-1noculation of treatments increased
) : .. o .
Goli Field mossedqe + P, grain yield by 62% and stomatal Iran Seyahjani et al.

fluorescens

conductance by 83%, compared to the
control treatment.

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 MK 123399, P. plecoglossicida strain MK 123400, P.
cedrina strain MK 123401, and B. xiamenensis strain MK 123402, 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 FPK 12 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 ACCO02 and Paenibacillus sp.
strain ACCO6 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 (Séidi 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 Na-fixing rhizobia
(Martinez-Hidalgo and Hirsch 2017, Rios-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 RPNS, Pseudomonas sp. strain
BPR7, and R. leguminosarum strain PPRS 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

. Experimental Inoculated rhizobia strain + .
Variety conditions AMF Main results Country Reference
, . R. tropici + A. brasilense + T. The.co-m(')cula‘uon OfR.' fropict and 4. . Cardoso and
Pérola Field asperellum brasilense increased grain yield by up to Brazil Ferreira (2021)
P 21.4%, compared to the control treatment.
Co-inoculation with rhizospheric bacteria
. Bacillus + P. fluorescens + increased plant height by 29.9%, dry Kalantari et al.
Nativas Greenhouse Rhizobium sp. weight of the aerial part by 60.6%, and root Iran (2018)
dry weight by 160%.
Co-inoculation of rhizospheric bacteria
Greenhouse increased the germination percentage and
R. leguminosarum RPNS + number of pods per plant. Kumar et al
Nativas Bacillus BPR7+ Iran '
: : : : : (2016)
Pseudomonas PPR8 Co-inoculation of rhizospheric bacteria
Field 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 Na-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
etal. 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% (Rodino 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.

Rhizobia strain

) Experimental . inoculated or co- .
Variety condition Stress condition inoculated with other Main results Country Reference
microorganisms
Wihout vtr s 80 et e e
o . . o
Ten genotypes Greenhouse/Field 100% field .capac1ty. W1t0h Ten rhizobia strains allowed the identification of Spain Rodiflo et al.
water stress: less than 40% . . 2020
field capacity pairs t.hat are ‘efﬁment in
' protecting against drought.
T . Co-inoculation improved leaf
Three irrigation regimes: o
o membrane stability and
No stress, 100% field C
capacity; moderate stress R. tropici + A minimized water loss from leaf Steiner et al
BRS Pérola Greenhouse po s . ’ - frop ' tissue. It also reduced flower Brazil '
50% field capacity; and brasilense . 2020
o abortion under moderate drought
severe stress, 25% field o .o
. conditions. Grain yield was also
capacity. affected.
Rhizobia inoculation improved
. Contrasting precipitation R. phaseoli strain grain yield by up to 129% under . Aserse et al.
Hawasa-Dume Field conditions HAMBI 3562 drought conditions, compared to Ethiopia 2020
the control.
Co-inoculation of this variety
Treatments receiving 70, R. phaseoli + G. subjected to 170 mm of Sevahiani et al
Goli Greenhouse 110 and 150 mm of mosseae + P. evaporation increased grain yield  Iran yal '

irrigation

fluorescens

by up to 184.4% compared to the
control.

2020
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Field

Greenhouse

Two levels of irrigation at
the beginning of
flowering: 1) 24% of field
capacity, 2) Until reaching
the wilting point in the
soil (13%)

Systems subjected to 50%
field capacity for 50 days
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R. tropici BR534,
BR520, BR322 + H.
seropedicae HRC54

R. etli RB5/1, RB7/1.

The physiological recovery of
common beans after a drought
event was better in co-inoculated
treatments.

Inoculation of drought-tolerant
strains increased plant weight
from 2,718 to 3,314 g, under

drought conditions.

Brazil

Egypt

de Piedade
Melo et al. 2017

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 aftects 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
(Uyandz 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 Ca?" (Uyanoz 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 (Ormefio-
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 (Ormefio-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.

Rhizobium strain

. Experimental Stress inoculated or co- .
Variety cgnditions conditions inoculated with other Main results Country Reference
microorganisms
Nodule primordia formation was
higher in the co-inoculated
Negro 0 mM NaCl y R. tropigi CIAT 899 + treg‘qnents under saling ' Estévez et al.
Jamapa/Bush ~ Greenhouse 25 mM NaCl R. etli ISP42 + C. conditions. Co-inoculation Spain 2008
Blue Lake balustinum Aur9 alleviates the negative effects of
salinity on nodule number and
size.
Increases in parameters such as
height, plant biomass, and
Soil salinit . number of nodules. Yield and .
Orzu Field o R phaseoli RY and M. grain protein content increased ~ Uzbekistan Khaitov ct al.

level5.6 dS m-
1

ciceri R6 2020

by 35% and 27.4%, respectively,
compared to the non-inoculated
treatment.
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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.

Rhizobium strain

. Experimental Stress inoculated or co- .
Variety conditions conditions inoculated with other Main results Country Reference
microorganisms
. 34/28°C - o . Piha and
Red Kidney = Greenhouse (Day/night) R. tropici CIAT 899  Significant decrease in nodule number USA Munns 1987
Acetylen 28, 35 and . Synthesis of heat shock proteins, . Michiels et al.
Negro Argel Reduce Assay 40°C R- tropici CIAT 899 increased synthesis in 6-fold at 45°C Belgium 1994
39/23°C R. tropici BR814, N2 fixation and N.Ozf assimilation are . Hungria and
Negro Argel  Greenhouse (Day/night) BR817. CIAT 899 decreased significantly by Brazil Kaschuk,
ymig ’ temperatures above 34 °C. 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 ef 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
Experimental Rhizobium strain inoculated
Variety an ditions Stress conditions  or co-inoculated with other Main results Country Reference
microorganisms
Dolly
Green
Bean, Cora s .
Green Yanthomonds Rhizobium inoculation of the local
) ; . bean variety resulted in a higher Evelyn et al.
Bean, and Field axonopodis pv. Rhizobium A Cameroon
Local phaseoli number of pods and a 32.6% 2024
Black reduction in disease severity.
Green
Beans
Disease tolerance due to increased
Rosecoco . . - peroxidase (36.5%), ascorbate Karoney et al.
(GLP2) C. lindemuthianum R. tropici CIAT 899 peroxidase (29.2%), and lipid Kenya 2020

peroxidase (142.9%).

Coinoculation of nodule

Greenhouse ( :
endophytic bacteria

Effective control of damping-off in

Bacillus. Paenibacillus soil. Reduction in disease index (%)

Pérola R. solanii Burk;zo lderia and ’ by Burkholderia fungorum UFLA Brazil
04-227 + R. tropici CIAT 899 by

Pseudomonas, and R. o
tropici CIAT 899 65.5% compared to the control.

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 FA1l 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. et/i 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. et/i 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; Lopez 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% (Lopez 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 (N20), nitrate (NO3"), nitrite (NO27), 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
(Rodifio 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 Na-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 Oz conditions, NO3" is sequentially
reduced to N2. During the reaction, nitrous oxide (N20) 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 KNOs; (Hidalgo-Garcia et al. 2019). Scientific knowledge on denitrification by
nodules of P. vulgaris-nodulating rhizobia is unknown, and hence obtaining strains that
do not produce N20 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.

Acknowledgments

Part of the main idea of this work corresponds to a review carried out in the Agricultural
Biotechnology course taught at the School of Agricultural Engineering of the National
University of Barranca.

References

Abou-Shanab RAI, Wongphatcharachai M, Sheaffer CC, Sadowsky MJ. 2019. Response
of dry bean (Phaseolus vulgaris L.) to inoculation with indigenous and commercial
Rhizobium strains under organic farming systems in Minnesota. Symbiosis, 78: 125-134
Aguilar Ramirez JO, Gallegos Morales G, Hernandez Castillo FD, Cepeda Siller M,
Sanchez-Aspeytia D. 2019. Incidencia y severidad del tizon comun en plantas de frijol
inoculados con Rhizobium phaseoli. Revista mexicana de ciencias agricolas, 10(2): 325-
336

Al-Ali HA, Khalifa A, Al-Malki M. 2021. Plant growth-promoting rhizobacteria from
Ocimum basilicum improve growth of Phaseolus vulgaris and Abelmoschus esculentus.
South African Journal of Botany, 139: 200-209

Almeida CPD, Paulino JFDC, Morais Carbonell SA, Chiorato AF, Song Q, Vittori VD,
Benchimol-Reis LL. 2020. Genetic diversity, population structure, and andean
introgression in Brazilian common bean cultivars after half a century of genetic breeding.
Genes, 11: 1298

Amarger N, Macheret V, Laguerre G. 1997. Rhizobium gallicum sp. nov. and Rhizobium
giardinii sp. nov., from Phaseolus vulgaris nodules. International Journal of Systematic
and Evolutionary Microbiology, 47: 996-1006

Anitha S, Govindaraj M, Kane-Potaka J. 2020. Balanced amino acid and higher
micronutrients in millets complements legumes for improved human dietary nutrition.
Cereal Chemistry, 97: 74-84

Argaw A. 2016. Effectiveness of Rhizobium inoculation on common bean productivity as
determined by inherent soil fertility status. Journal of Crop Science and Biotechnology,
19: 311-322

Aryal UK, Xu HL, Fujita M. 2003. Rhizobia and AM fungal inoculation improve growth
and nutrient uptake of bean plants under organic fertilization. Journal of Sustainable
Agriculture 21: 27-39

Aserse AA, Risdnen LA, Aseffa F, Hailemariam A, Lindstrom K. 2013. Diversity of
sporadic symbionts and nonsymbiotic endophytic bacteria isolated from nodules of



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

woody, shrub, and food legumes in Ethiopia. Applied Microbiology and Biotechnology,
97:10117-10134

Aserse AA, Woyke T, Kyrpides NC, Whitman WB, Lindstrdom K. 2017. Draft genome
sequence of type strain HBR26" and description of Rhizobium aethiopicum sp. nov.
Standards in Genomic Science, 12:14

Aserse AA, Markos D, Getachew G, Yli-Halla M, Lindstrom K. 2020. Rhizobial
inoculation improves drought tolerance, biomass, and grain yields of common bean
(Phaseolus vulgaris L.) and soybean (Glycine max L.) at Halaba and Boricha in Southern
Ethiopia. Archives in Agronomy Soil Science, 66: 488-501

Atieno M, Lesueur D. 2019. Opportunities for improved legume inoculants: enhanced
stress tolerance of rhizobia and benefits to agroecosystems. Symbiosis, 77: 191-205
Azani N, Babineau M, Bailey CD., Banks H, Barbosa AR, Pinto RB. et al. 2017. A new
subfamily classification of the Leguminosae based on a taxonomically comprehensive
phylogeny: The Legume Phylogeny Working Group (LPWGQG). Taxon, 66: 44-77
Barquero M, Terrén A, Velazquez E, Gonzalez-Andrés F. 2016. Biocontrol of Fusarium
oxysporum f. sp. phaseoli and Phytophthora capsici with autochthonous endophytes in
common bean and pepper in Castilla y Leon (Spain). In: Gonzalez-Andrés, F., James, E.
(eds) Biological Nitrogen Fixation and Beneficial Plant-Microbe Interaction. Springer,
Cham

Bedmar EJ, Delgado MJ, Mesa S, Tortosa G, Rodifio AP, et al. 2023. Legume inoculants
using rhizobia strains effective to reduce nitrous oxide emissions. In: Climate change and
legumes: Stress mitigation for sustainability and food security. Eds.: Hossain MZ, Anawar
HM, Chaudray DR. Pp. 43-59. CRC Press. Boca Raton, USA

Beebe S, Ramirez-Villegas J, Alvarez P, Ricaurte J, Mora A, Guerrero AF, Baca BE, Soto
Urzua L, Pardo Ruiz MP, 2000. Fijacion bioldgica de nitrogeno. Elementos: BUAP, 7:
43-49.

Belete T, Bastas KK. 2017. Common bacterial blight (Xanthomonas axonopodis pv.
phaseoli) of beans with special focus on Ethiopian condition. Journal of Plant Pathology
and Microbiology 8(3): 10

Bitocchi E, Nanni L, Bellucci E, Rossi M, Giardini A, Zeuli PS, Papa R. 2012.
Mesoamerican origin of the common bean (Phaseolus vulgaris L.) is revealed by
sequence data. Proceedings of the National Academy of Sciences of the United States of
America 109 (14): E788-E796

Bonfim JMF, Inomoto MM, Aratjo-Filho JVD. 2021. Phytonematodes infesting common
bean fields in Brazil, and pathogenicity tests with Pratylenchus brachyurus. Arquivos do
Instituto Bioldgico, 88

Boubakri H, Chihaoui SA, Najjar E, Gargouri M, Barhoumi F, Jebara M. 2021. Genome-
wide analysis and expression profiling of H-type Trx family in Phaseolus vulgaris
revealed distinctive isoforms associated with symbiotic Na-fixing performance and
abiotic stress response. Journal of Plant Physiology, 260: 153410

Bournaud C, de Faria SM, dos Santos JMF, Tisseyre P, Silva M, Chaintreuil C, Moulin L.
2013. Burkholderia species are the most common and preferred nodulating symbionts of
the Piptadenia group (tribe Mimoseae). PLoS One, 8(5): €63478

Bustos-Segura C, Godschalx AL, Malacari L, Deiss F, Rasmann S, Ballhorn DJ, Benrey
B. 2024. Rhizobia-legume symbiosis mediates direct and indirect interactions between
plants, herbivores and their parasitoids. Heliyon, 10(6)

Cantaro-Segura H, Huaringa-Joaquin A, Zufniga-Dévila D. 2019. Efectividad simbiotica
de dos cepas de Rhizobium sp. en cuatro variedades de frijol (Phaseolus vulgaris L.) en
Perti. Idesia (Arica), 37: 73-81



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Cardoso AA, Andraus MDP, Borba TCDO, Martin-Didonet CCG, Ferreira EPDB. 2017.
Characterization of rhizobia isolates obtained from nodules of wild genotypes of common
bean. Brazilian Journal of Microbiology 48: 43-50

Cardoso RM, Ferreira EPB. 2021. Assessment of Consortia Inoculation Effects on the
Agronomical Performance of the Common Bean. Communications in Soil Science and
Plant Analysis, 52: 1971-1980

Castellano-Hinojosa A, Correa-Galeote D, Ramirez-Bahena MH, Tortosa G, Gonzalez-
Lépez J, Bedmar EJ, Peix A. 2021. Agrobacterium leguminum sp. nov., isolated from
nodules of Phaseolus vulgaris in Spain. International Journal of Systematic Evolutionary
and Microbiology, 71: 005120

Celmeli T, Sari H, Canci H, Sari D, Adak A, Eker T, Toker C. 2018. The nutritional
content of common bean (Phaseolus vulgaris L.) landraces in comparison to modern
varieties. Agronomy, 8: 166

Chekanai V, Chikowo R, Vanlauwe B. 2018. Response of common bean (Phaseolus
vulgaris L.) to nitrogen, phosphorus, and rhizobia inoculation across variable soils in
Zimbabwe. Agricultural Ecosystems Environmental, 266: 167-173

Chicoine D, Mcnabb C, Clement B. 2020. Commensality, irrigation, and agrarian
entanglements in Early Horizon Nepefia, Coastal Peru. Americae European Journal
Americanist Archaeology, 5: 7-22

Coleto I, Pineda M, Rodifio AP, De Ron AM, Alamillo JM. 2014. Comparison of
inhibition of N2 fixation and ureide accumulation under water deficit in four common
bean genotypes of contrasting drought tolerance. Annals of Botany, 113: 1071-1082
Cordeiro AB, Ribeiro RA, Helene LCF, Hungria M. 2017. Rhizobium esperanzae sp. nov.,
a N2- fixing root symbiont of Phaseolus vulgaris from Mexican soils. International
Journal of Systematic Evolutionary Microbiology, 67: 393745

Corwin DL. 2021. Climate change impacts on soil salinity in agricultural areas. European
Journal of Soil Science 72: 842-862

Corzo-Rios LJ, Sanchez-Chino XM, Cardador-Martinez A, Martinez-Herrera J, Jiménez-
Martinez C. 2020. Effect of cooking on nutritional and non-nutritional compounds in two
species of Phaseolus (P. vulgaris and P. coccineus) cultivated in Mexico. International
Journal of Gastronomy Food Science 20: 1002

Dall’ Agnol RF, Ribeiro RA, Ormefio-Orrillo E, Rogel MA, Delamuta JRM, Andrade DS,
Hungria M. 2013. Rhizobium freirei sp. nov., a symbiont of Phaseolus vulgaris that is
very effective at fixing nitrogen. International Journal of Systematic Evolutionary
Microbiology, 63: 4167-4173

Dall'Agnol RF, Ribeiro RA, Delamuta JR, Ormefio-Orrillo E, Rogel MA, Andrade DS,
Martinez-Romero E, Hungria M. 2014. Rhizobium paranaense sp. nov., an effective No-
fixing symbiont of common bean (Phaseolus vulgaris L.) with broad geographical
distribution in Brazil. International Journal of Systematic Evolutionary Microbiology, 64:
3222-3229

Dall'Agnol RF, Costa MR, Ribeiro RA, Delamuta JRM, Chueire LMO, Hungria M. 2016.
Genome sequence of Paraburkholderia nodosa strain CNPSo 1341, a N2-fixing symbiont
of the promiscuous legume Phaseolus vulgaris. Genome Announcements 4(6): e¢01073-
16

de Sousa FF, do Carmo DL, de Souza Carneiro JE, Urquiaga S, Santos RHS. 2016.
Legumes as green manure for common bean cultivated in two growing seasons at
southeast Brazil. African Journal Agriculture Research, 11: 4953-4958

Dardanelli MS, de Cordoba FJF, Espuny MR, Carvajal MAR, Diaz MES, Serrano AMG,
Megias M. 2008. Effect of Azospirillum brasilense coinoculated with Rhizobium on



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Phaseolus vulgaris flavonoids and Nod factor production under salt stress. Soil Biology
and Biochemestry, 40: 2713-2721

Darkazanli M, Kiseleva I, Sinenko O. 2021. The role of endophytic bacteria (Bacillus
subtilis and Methylobacterium sp.) in physiological state of peas and black turtle beans.
In. AIP Conference Proceedings (Vol. 2388, No. 1, pp. 040011). AIP Publishing LLC

da Silva K, Florentino LA, da Silva KB, De Brandt E, Vandamme P, de Souza Moreira
FM. 2012. Cupriavidus necator isolates are able to fix nitrogen in symbiosis with
different legume species. Systematic Applied Microbiology, 35: 175-182

Das K, Prasanna R, Kumar-Saxena A. 2017. Rhizobia: a potential biocontrol agent for
soilborne fungal pathogens. Folia Microbiological 62: 425-435

Debouck DG. 2021. Phaseolus beans (Leguminosae, Phaseoleae): a checklist and notes
on their taxonomy and ecology. Journal of Botanical Research Institute of Texas, 15: 73-
111

Diaz-Valle A, Lopez-Calleja AC, Alvarez-Venegas R. 2019. Enhancement of pathogen
resistance in common bean plants by inoculation with Rhizobium etli. Frontiers in Plant
Science, 10: 1317

dos Santos Sousa W, Soratto RP, Peixoto DS, Campos TS, Da Silva MB, Souza AGV,
Gitari HI. 2022. Effects of Rhizobium inoculum compared with mineral nitrogen fertilizer
on nodulation and seed yield of common bean. A meta-analysis. Agronomy for
Sustainable Development, 42(3), 52

Dudeja SS, Giri R, Saini R, Suneja-Madan P, Kothe E. 2012. Interaction of endophytic
microbes with legumes. Journal of Basic Microbiology 52: 248-260

Efstathiadou E, Ntatsi G, Savvas D, Tampakaki AP. 2021. Genetic characterization at the
species and symbiovar level of indigenous rhizobial isolates nodulating Phaseolus
vulgaris in Greece. Scientific Reports, 11: 8674

El Attar I, Taha K, El Bekkay B, El Khadir M, Alami IT, Aurag J. 2019. Screening of
stress tolerant bacterial strains possessing interesting multi-plant growth promoting traits
isolated from root nodules of Phaseolus vulgaris L. Biocatalysis and Agricultural
Biotechnology, 20: 101225

El-Saadony MT, Saad AM, Soliman SM, Salem HM, Ahmed AI, Mahmood M,
AbuQamar SF. 2022. Plant growth-promoting microorganisms as biocontrol agents of
plant diseases: Mechanisms, challenges and future perspectives. Frontiers in plant
science, 13: 923880

Enebe MC, Babalola OO. 2019. The impact of microbes in the orchestration of plants
resistance to biotic stress: a disease management approach. Applied of Microbiology and
Biotechnology. 103: 9-25

Estévez J, Dardanelli MS, Megias M, Rodriguez-Navarro DN. 2009. Symbiotic
performance of common bean and soybean co-inoculated with rhizobia and
Chryseobacterium balustinum Aur9 under moderate saline conditions. Symbiosis. 49: 29-
36

Estrada-Navarrete G, Cruz-Mireles N, Lascano R, Alvarado-Affantranger X, Hernandez-
Barrera A, Barraza A, Sanchez F. 2016. An autophagy-related kinase is essential for the
symbiotic relationship between Phaseolus vulgaris and both rhizobia and arbuscular
mycorrhizal fungi. Plant Cell, 28: 2326-2341

Etesami H, Adl SM. 2020. Plant Growth-Promoting Rhizobacteria (PGPR) and their
action mechanisms in availability of nutrients to plants. In: Kumar, M., Kumar, V., Prasad,
R. (eds) Phyto-Microbiome in Stress Regulation. Environmental and Microbial
Biotechnology. Springer, Singapore.



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Evelyn MB, Neh AT, Bihwih AN. 2024. Evaluation of Rhizobium and nitrogen fertilizer
for the control of bacterial blight in green beans (Phaseolus vulgaris L.) varieties. African
Journal of Agricultural Research. 20(6): 426-433

FAOSTAT, 2025. Available in: https://www.fao.org/faostat/en/#home (Accessed in
October 2025)

Faghire M, Mandri B, Oufdou K, Bargaz A, Ghoulam C, Ramirez-Bahena MH, Peix A.
2012. Identification at the species and symbiovar levels of strains nodulating Phaseolus
vulgaris in saline soils of the Marrakech region (Morocco) and analysis of the ots4 gene
putatively involved in osmotolerance. Systematic and Applied Microbiology, 35: 156-164
Fernandez-Canigia MV. 2020. Factores determinantes de la nodulacion: edicion ampliada
y actualizada. Libro digital. C. A. de Buenos Aires, Argentina. 91 pp

Ferreira LDVM, De Carvalho F, Andrade JFC, Oliveira DP, De Medeiros FHYV, Moreira,
F.M.D.S. 2020. Co-inoculation of selected nodule endophytic rhizobacterial strains with
Rhizobium tropici promotes plant growth and controls damping off in common bean.
Pedosphere, 30: 98-108

Figueiredo MV, Burity HA, Martinez CR, Chanway CP. 2008. Alleviation of drought
stress in the common bean (Phaseolus vulgaris L.) by co-inoculation with Paenibacillus
polymyxa and Rhizobium tropici. Applied Soil Ecology, 40: 182-188

Flores-Fé¢lix JD, Carro L, Velazquez E, Valverde A, Cerda-Castillo E, Garcia-Fraile P,
Rivas R. 2013. Phyllobacterium endophyticum sp. nov., isolated from nodules of
Phaseolus vulgaris. International Journal of Systematic Evolutionary Microbiology. 63:
821-826

Flores-Félix JD, Mulas R, Ramirez-Bahena MH, Cuesta MJ, Rivas R, Branas J,
Velazquez E. 2014. Fontibacillus phaseoli sp. nov. isolated from Phaseolus vulgaris
nodules. Antonie Van Leeuwenhoek, 105: 23-28

Flores-Félix JD, Sanchez-Juanes F, Garcia-Fraile P, Valverde A, Mateos PF, Gonzalez-
Buitrago JM, Rivas R. 2019. Phaseolus vulgaris is nodulated by the symbiovar viciae of
several genospecies of Rhizobium laguerreae complex in a Spanish region where Lens
culinaris is the traditionally cultivated legume. Systematic and Applied Microbiology, 42:
240-247

Fowler D, Coyle M, Skiba U, Sutton MA, Cape JN. 2013. The global nitrogen cycle in
the twenty-first century. Philosophical Transactions Royal Society London B. Biology
Science

Freytag GF, Debouck DG. 2002. Taxonomy, distribution, and ecology of the genus
Phaseolus (Leguminosae-papilionoideae) in North America, Mexico and Central
America. Botanical Research Institute of Texas (BRIT), Forth Worth, TX, USA. 298 pp
Garcia-Cristobal J, Garcia-Villaraco A, Ramos B, Gutiérrez-Maiiero J, Lucas JA. 2015.
Priming of pathogenesis related-proteins and enzymes related to oxidative stress by plant
growth promoting rhizobacteria on rice plants upon abiotic and biotic stress challenge.
Journal of Plant Physiology, 188: 72-79

Godschalx AL, Diethelm AC, Kautz S, Ballhorn DJ. 2023. Nitrogen-Fixing Rhizobia
Affect Multitrophic Interactions in the Field. Journal of Insect Behavior. 1-12
Gopalakrishnan S, Sathya A, Vijayabharathi R, Varshney RK, Gowda CL, Krishnamurthy
L. 2015. Plant growth promoting rhizobia: challenges and opportunities.3 Biotech, 5(4):
355-377

Granda-Mora KI, Alvarado-Cap6 Y, Torres-Gutiérrez R. 2017. Efecto en campo de la
cepa nativa COL6 de Rhizobium leguminosarum bv. viciae sobre frijol comun cv. Percal
en Ecuador. Centro Agricola, 44: 5-13

Guerrero-Castro J, Lozano L, Sohlenkamp C. 2018. Dissecting the acid stress response
of Rhizobium tropici CIAT 899. Frontiers in Microbiology, 9: 846



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Gunnabo AH, Geurts R, Wolde-meskel E, Degefu T, Giller KE, van Heerwaarden J. 2019.
Genetic interaction studies reveal superior performance of Rhizobium tropici CIAT 899
on a range of diverse East African common bean (Phaseolus vulgaris L.) genotypes.
Applied and Environmental Microbiology, 85: e01763-19

Gupta S, Pandey S. 2019. ACC deaminase producing bacteria with multifarious plant
growth promoting traits alleviates salinity stress in French bean (Phaseolus vulgaris)
plants. Frontiers in Microbiology, 10: 1506

Hassan Dar GH, Zargar MY, Beigh GM. 1997. Biocontrol of Fusarium root rot in the
common bean (Phaseolus vulgaris L.) by using symbiotic Glomus mosseae and
Rhizobium leguminosarum. Microbial Ecology, 34(1): 74-80

Ha-Tran DM, Nguyen TTM, Hung SH, Huang E, Huang CC. 2021. Roles of plant growth-
promoting rhizobacteria (PGPR) in stimulating salinity stress defense in plants: A review.
International Journal of Molecular Science, 22: 3154

Hidalgo-Garcia A, Torres MJ, Bedmar EJ, Girard MJ, Delgado MJ. 2019. Rhizobium etli
produces nitrous oxide by coupling the assimilatory and denitrification pathways.
Frontiers in Microbiology, 10:980

Hidalgo RJEM, Ramos-Otiniano CC, Lezama Asencio PB, Chuna-Mogollon P, Chaman
Medina ME. 2019. Coinoculacion de Rhizophagus irregularis y Rhizobium sp. en
Phaseolus vulgaris L. var. canario (Fabaceae) "frijol canario”. Arnaldoa, 26: 991-1006
Huang HC, Erickson RS, Hsieh TF. 2007. Control of bacterial wilt of bean
(Curtobacterium flaccumfaciens pv. flaccumfaciens) by seed treatment with Rhizobium
leguminosarum. Crop Protection 26: 1055-1061

Hughes C, Ringelberg JJ, Bruneau A. 2025. Legumes. Current Biology, 35(9), R323-
R328.

Hungria M, Franco AA. 1993. Effects of high temperature on nodulation and nitrogen
fixation by Phaseolus vulgaris L. Plant Soil. 149: 95-102

Hungria M, Mendes IC. 2015. Nitrogen fixation with soybean: the perfect symbiosis? En:
de Bruijn FJ, editor. Biological Nitrogen Fixation. John Wiley & Sons, Inc; Nueva Jersey:
2015: 1005-1019

Hungria M, Kaschuk G. 2014. Regulation of N2 fixation and NO3 /NH4" assimilation in
nodulated and N-fertilized Phaseolus vulgaris L. exposed to high temperature stress.
Environmental Experimental Botanical, 98: 32-39

Huo Y, Tong W, Wang J, Wang F, Bai W, Wang E, Shi P, Chen W, Wei G. 2019. Rhizobium
chutanense sp. nov., isolated from root nodules of Phaseolus vulgaris in China.
International of Journal of Systematic Evolutionary Microbiology, 69: 2049-2056

Ismail MA, Amin MA, Eid AM, Hassan SED, Mahgoub HA, Lashin I, Fouda A. 2021.
Comparative Study between exogenously applied plant growth hormones versus
metabolites of microbial endophytes as plant growth-promoting for Phaseolus vulgaris
L. Cells, 10: 1059

[zaguirre-Mayoral ML, Garrido MJ. 2010. Propyl gallate, a free radical scavenger,
counteracts the benefits of exogenously applied salicylic acid and aggravates the
deleterious effects of the southern bean mosaic virus in Rhizobium-nodulated Phaseolus
vulgaris plants. Archives Phytopathological Pflanzenschutz. 43: 1643-1657

JuW, Liu L, Jin X, Duan C, Cui Y, Wang J, Fang L. 2020. Co-inoculation effect of plant-
growth-promoting rhizobacteria and Rhizobium on EDDS assisted phytoremediation of
Cu contaminated soils. Chemosphere, 254, 126724

Kalantari S, Marefat A, Naseri B, Hemmati R. 2018. Improvement of bean yield and
Fusarium root rot biocontrol using mixtures of Bacillus, Pseudomonas and Rhizobium.
Tropical Plant Pathology 43: 499-505



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Karoney EM, Ochieno DM, Baraza DL, Muge EK, Nyaboga EN, Naluyange V. 2020.
Rhizobium improves nutritive suitability and tolerance of Phaseolus vulgaris to
Colletotrichum lindemuthianum by boosting organic nitrogen content. Applied Soil
Ecology, 149: 103534

Kazadi AT, Baert G, Lwalaba JL, Ansey BK, Haesaert G, Mundende RPM. 2020.
Increasing of NPK Fertilizer Efficiency by Arbuscular Mycorrhiza in Common Bean
(Phaseolus Vulgaris L.). Gesunde Pflanzen, 72: 303-310

Khaitov B, Vollmann J, Yeong-Pyon J, Park KW. 2020. Improvement of salt tolerance
and growth in common bean (Phaseolus vulgaris L.) by co-inoculation with native
rhizobial strains. Journal of Agricultural Science and Technology, 22: 209-220

Korir H, Mungai NW, Thuita M, Hamba Y, Masso C. 2017. Co-inoculation effect of
rhizobia and plant growth promoting rhizobacteria on common bean growth in a low
phosphorus soil. Frontiers in plant science, 8: 141

Kumar KH, Jagadeesh KS. 2016. Microbial consortia-mediated plant defense against
phytopathogens and growth benefits. South Indian Journal of Biological Sciences, 2: 395-
403

Kumar P, Pandey P, Dubey RC, Maheshwari DK. 2016. Bacteria consortium optimization
improves nutrient uptake, nodulation, disease suppression and growth of the common
bean (Phaseolus vulgaris) in both pot and field studies. Rhizosphere, 2: 13-23

Kumar S, Pandey G. 2020. Biofortification of pulses and legumes to enhance nutrition.
Heliyon, 6(3): €03682

Lastochkina O, Aliniaeifard S, Garshina D, Garipova S, Pusenkova L, Allagulova C,
Sobhani M. 2021. Seed priming with endophytic Bacillus subtilis strain-specifically
improves growth of Phaseolus vulgaris plants under normal and salinity conditions and
exerts anti-stress effect through induced lignin deposition in roots and decreased oxidative
and osmotic damages. Journal of Plant Physiology, 263: 153462

Leite RA, Martins LC, Ferreira LVSF, Barbosa ES, Alves BJR, Zilli JE, Araujo AP, Jesus
EC. 2022. Co-inoculation of Rhizobium and Bradyrhizobium promotes growth and yield
of common beans. Applied Soil Ecology, 172:104356

Lesueur D, Deaker R, Herrmann L, Brau L, Jansa J. 2016. The Production and Potential
of Biofertilizers to Improve Crop Yields. In: Arora, N., Mehnaz, S., Balestrini, R. (eds)
Bioformulations: for Sustainable Agriculture. Springer, New Delhi

Lindstrom K, Mousavi SA. 2020. Effectiveness of nitrogen fixation in rhizobia. Microbial
Biotechnology, 13: 1314-1335

Lin DX, Wang ET, Tang H, Han TX, He YR, Guan SH, Chen WX. 2008. Shinella
kummerowiae sp. nov., a symbiotic bacterium isolated from root nodules of the herbal
legume Kummerowia stipulacea. International Journal of Systematic Evolutionary
Microbiology, 58: 1409-1413

Liu Y, Shi A, Chen Y, Xu Z, Liu Y, Yao Y, Jia B. 2025. Beneficial microorganisms:
regulating growth and defense for plant welfare. Plant Biotechnology Journal, 23(3): 986-
998

Liu Y, Liu L, Wang Z, Huang X, Dong Y, Hu D, Gu C, Wang ET, Wang H. 2025.
Rhizobium binxianense sp. nov. and Rhizobium mulingense sp. nov., isolated from
nodules of Phaseolus vulgaris in Heilongjiang Province of China. Systematic and Applied
Microbiology, 48: 126619

Lohnis F, Fred EB. 1923. Textbook of agricultural bacteriology. McGraw-Hill
Agricultural and Biological Publications, edited by C. V. Piper. McGraw-Hill Book Co.,
Inc., New York. 1923

Lépez-Lopez A, Rogel-Hernandez MA, Barois I, Ortiz Ceballos Al, Martinez J, Ormefio-
Orrillo E, Martinez-Romero E. 2012. Rhizobium grahamii sp. nov., from nodules of



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Dalea leporina, Leucaena leucocephala and Clitoria ternatea, and Rhizobium
mesoamericanum sp. nov., from nodules of Phaseolus vulgaris, siratro, cowpea and
Mimosa pudica. International Journal of Systematic Evolutionary Microbiology, 62:
2264-2271

Loépez M, Muinoz N, Lascano HR, Izaguirre-Mayoral ML. 2016. The seed-borne Southern
bean mosaic virus hinders the early events of nodulation and growth in Rhizobium-
inoculated Phaseolus vulgaris L. Functional Plant Biology, 44(2): 208-218

Luna PDVD, Enciso AJA, Cabanillas JH. 2013. Analisis del material arqueobotéanico del
sitio Pampa de las Animas, valle de Huaura, Perq, Temporada 2006. Investigaciones
sociales, 17: 39-64

Ma, Xiao C, Liu J, Ren G. 2025. Nutrient-dependent regulation of symbiotic nitrogen
fixation in legumes. Horticulture Research, 12(3): uhae321

Mnasri B, Mrabet M, Laguerre G, Aouani ME, Mhamdi R. 2007. Salt-tolerant rhizobia
isolated from a Tunisian oasis that are highly effective for symbiotic N2-fixation with
Phaseolus vulgaris constitute a novel biovar (bv. mediterranense) of Sinorhizobium
meliloti. Archives of Microbiology, 187: 79-85

Martinez-Romero E, Segovia L, Mercante FM, Franco AA, Graham P, Pardo MA. 1991.
Rhizobium tropici, a novel species nodulating Phaseolus vulgaris L. beans and Leucaena
sp. trees. International Journal of Systematic Bacteriology, 41: 417-426
Martinez-Aguilar L, Salazar-Salazar C, Méndez RD, Caballero-Mellado J, Hirsch AM,
Vasquez-Murrieta MS, Estrada de los Santos P. 2013. Burkholderia caballeronis sp. nov.,
a nitrogen fixing species isolated from tomato (Lycopersicon esculentum) with the ability
to effectively nodulate Phaseolus vulgaris. Antonie van Leeuwenhoek, 104: 1063-1071
Martinez L, Maqueira L, Napoles M, Nufiez M. 2017. Efecto de bioestimulantes en el
rendimiento de dos cultivares de frijol (Phaseolus vulgaris L.) biofertilizados. Cultivos
Tropicales, 38: 113-118

Martinez-Hidalgo P, Hirsch AM. (2017). The nodule microbiome: N»-fixing rhizobia do
not live alone. Phytobiomes, 1, 70-82

Massa N, Cesaro P, Todeschini V, Capraro J, Scarafoni A, Cantamessa S, Bona E. 2020.
Selected autochthonous rhizobia, applied in combination with AM fungi, improve seed
quality of common bean cultivated in reduced fertilization condition. Applied Soil
Ecology, 148: 103507

Matamoros MA. Becana, M. 2021. Molecular responses of legumes to abiotic stress: post-
translational modifications of proteins and redox signaling. Journal Experimental
Botanical, 72: 5876-5892

Meziadi C, Blanchet S, Geftroy V, Pflieger S. 2017. Virus-induced gene silencing (VIGS)
and foreign gene expression in Pisum sativum L. using the “one-step” Bean pod mottle
virus (BPMYV) viral vector. In Functional Genomics: Methods and Protocols (pp. 311-
319). New York, NY: Springer New York

Mhamdi R, Mrabet M, Laguerre G, Tiwari R, Aouani ME. 2005. Colonization of
Phaseolus vulgaris nodules by Agrobacterium-like strains. Canadian Journal
Microbiology, 51: 105-111

Michiels J, Verreth C, Vanderleyden J. 1994. Effects of temperature stress on bean-
nodulating Rhizobium strains. Applied and Environmental Microbiology, 60(4), 1206-
1212

MINAGRI, Ministerio de agricultura e irrigaciéon. 2016. Pulses: Cultivars and
commercial classes in Peru. Catalog to guide the improving quality and marketing First
edition. Lima-Peru



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Mnasri B, Aouani ME, Mhamdi R. 2007. Nodulation and growth of common bean
(Phaseolus vulgaris) under water deficiency. Soil Biology and Biochemestry, 39: 1744-
1750

Mnasri B, Liu TY, Saidi S, Chen WF, Chen WX, Zhang XX, Mhamdi R. 2014. Rhizobium
azibense sp. nov., a nitrogen fixing bacterium isolated from root-nodules of Phaseolus
vulgaris. International Journal of Systematic Evolutionary Microbiology 64: 1501-1506
Mondal HK, Gera R. 2020. Molecular diversity of stress-tolerant PGPR rhizobia
nodulating cluster bean (Cyamopsis tetragonoloba L.) grown in hyper-arid zone of
Rajasthan. Legume Research, 43(1)

Mondal HK, Mehta S, Kaur H, Gera R. 2017. Characterization of stress tolerant
mungbean rhizobia as PGPR and plant growth promotion under abiotic stress. Indian
Journal Microbiology, 44: 38-42

Morales D, Dell Amico JM, Jerez E, Rodriguez P, Alvarez I, Diaz Y, Martin R. 2017.
Efecto del Quitomax en plantas de Phaseolus vulgaris L. sometidas a dos regimenes de
riego. I. Crecimiento y rendimiento. Cultivos Tropicales, 38: 119-128

Moreira LP, Oliveira APS, de Brito Ferreira EP. 2017. Nodulation, contribution of
biological N2 fixation, and productivity of the common bean (Phaseolus vulgaris L.)
inoculated with rhizobia isolates. Australian Journal of Crop Science, 11: 644-651
Moura FT, Helene LCF, Ribeiro RA, Nogueira MA, Hungria M. 2023. The outstanding
diversity of rhizobia microsymbionts of common bean (Phaseolus vulgaris L.) in Mato
Grosso do Sul, central-western Brazil, revealing new Rhizobium species. Archives of
Microbiology, 205: 325

Miiller SH, Pereira PAA. 1995. Nitrogen fixation of common bean (Phaseolus vulgaris
L.) as affected by mineral nitrogen supply at different growth stages. Plant Soil, 177: 55—
61

Nadeem SM, Ahmad M, Zahir ZA, Javaid A, Ashraf M. 2014. The role of mycorrhizae
and plant growth promoting rhizobacteria (PGPR) in improving crop productivity under
stressful environments. Biotechnology Advances, 32: 429-448

Nanjareddy K, Arthikala MK, Gémez BM, Blanco L, Lara M. 2017. Differentially
expressed genes in mycorrhized and nodulated roots of common bean are associated with
defense, cell wall architecture, N metabolism, and P metabolism. PloS one, 12(8):
e0182328

Niza-Costa M, Rodriguez-dos Santos AS, Rebelo-Romao I, Ferrer MV, Sequero Lopez
C, Vilchez JI. 2022. Geographically Disperse, Culturable Seed-Associated Microbiota in
Forage Plants of Alfalfa (Medicago sativa L.) and Pitch Clover (Bituminaria bituminosa
L.): Characterization of Beneficial Inherited Strains as Plant Stress-Tolerance Enhancers.
Biology, 11: 1838

Nogueira CDOG, Oliveira DP, Ferreira PAA, Pereira JPDAR, Vale HMMD, Andrade
MIJBD, Moreira FMDS. 2017. Agronomic efficiency of Rhizobium strains from the
Amazon region in common bean. Acta Amazon. 47, 273-276.

Ormefio-Orrillo E, Gomes DF, Del Cerro P, Vasconcelos ATR, Canchaya C, Almeida
LGP, Hungria M. 2016. Genome of Rhizobium leucaenae strains CFN 299 and CPAO
29.8: searching for genes related to a successful symbiotic performance under stressful
conditions. BMC genomics, 17: 1-15

Osdaghi E, Young AJ, Harvison RM. 2020. Bacterial wilt of dry beans caused by
Curtobacterium flaccumfaciens pv. flaccumfaciens: A new threat from an old enemy.
Molecular Plant Pathology, 21: 605-621

Ouma EW, Asango AM, Maingi J, Njeru EM. 2016. Elucidating the potential of native
rhizobial isolates to improve biological nitrogen fixation and growth of common bean



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

and soybean in smallholder farming systems of Kenya. International Journal of
Agronomy, 1-7

Pacheco RS, Boddey RM, Alves BJR, Ferreira EPdB, Straliotto R, Aratijo AP. 2020.
Differences in contribution of biological nitrogen fixation to yield performance of
common bean cultivars as assessed by the !N natural abundance technique. Plant Soil,
454:327-341

Parihar P, Singh S, Singh R, Singh VP, Prasad SM. 2015. Effect of salinity stress on plants
and its tolerance strategies: a review. Environmental Science Pollution Research, 22:
4056-4075

Peix A, Ramirez-Bahena MH, Velazquez E, Bedmar EJ. 2015. Bacterial associations with
legumes. Critical Review Plant Science, 34: 17-42

Peng G, Yuan Q, Li H, Zhang W, Tan Z. 2008. Rhizobium oryzae sp. nov., isolated from
the wild rice Oryza alta. International Journal Systematic Evolutionary Microbiology, 58:
2158-2163

da Piedade Melo A, Olivares FL, Médici LO, Torres-Neto A, Dobbss LB, Canellas, L.P.
2017. Mixed rhizobia and Herbaspirillum seropedicae inoculations with humic acid-like
substances improve water-stress recovery in common beans. Chemical and Biological
Technologies in Agriculture, 4: 1-9

Piha MI, Munns DN. 1987. Sensitivity of the common bean (Phaseolus vulgaris L.)
symbiosis to high soil temperature. Plant and Soil, 98: 183-194

Poole P, Ramachandran V, Terpolilli J. 2018. Rhizobia: from saprophytes to
endosymbionts. Nature Revs/Microbiology, 15: 291-303

Pratap A, Gupta S. Eds. 2021. The Beans and the Peas: From Orphan to Mainstream
Crops. Woodhead Publishing

Rajnovic I, Ramirez-Bahena MH, Sanchez-Juanes F, Gonzalez-Buitrago JM, Kajic S,
Peix A, Sikora S. 2019. Phylogenetic diversity of rhizobia nodulating Phaseolus vulgaris
in Croatia and definition of the symbiovar phaseoli within the species Rhizobium pisi.
Systematic and Applied Microbiology, 42: 126019

Rajnovic I, Ramirez-Bahena MH, Kajic S, Igual JM, Peix A, Velazquez E, Sikora S. 2022.
Rhizobium croatiense sp. nov. and Rhizobium redzepovicii sp. nov., two new species
isolated from nodules of Phaseolus vulgaris in Croatia. Systematic and Applied
Microbiology, 45(3): 126317

Ramankutty N, Mehrabi Z, Waha K, Jarvis L, Kremen C, Herrero M. 2018. Trends in
global agricultural land use: implications for environmental health and food security.
Annual Review of Plant Biology, 69: 789-815

Ramirez-Bahena MH, Garcia-Fraile P, Peix A, Valverde A, Rivas R, Igual JM, Velazquez
E. 2008. Revision of the taxonomic status of the species Rhizobium leguminosarum
(Frank 1879) Frank 1889AL, Rhizobium phaseoli Dangeard 1926AL and Rhizobium
trifolii Dangeard 1926AL. R. trifolii is a later synonym of R. leguminosarum.
Reclassification of the strain R. leguminosarum DSM 30132 (= NCIMB 11478) as
Rhizobium pisi sp. nov. International Journal of Systematic Evolutionary Microbiology,
58:2484-2490

Razakatiana ATE, Trap J, Baohanta RH, Raherimandimby M, Le Roux C, Duponnois R,
Becquer T. 2020. Benefits of dual inoculation with arbuscular mycorrhizal fungi and
rhizobia on Phaseolus vulgaris planted in a low-fertility tropical soil. Pedobiologia, 83:
150685

Rejeb IB, Pastor V, Mauch-Mani B. 2014. Plant Responses to Simultaneous Biotic and
Abiotic Stress: Molecular Mechanisms. Plants, 3: 458-475

Rennie RJ, Kemp GA. 1983a. N2-Fixation in field beans quantified by "N isotope
dilution. 1. Effect of strains of Rhizobium phaseoli. Agronomy Journal, 75: 640-644



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Rennie RJ, Kemp GA. 1983b. Na-fixation in field beans quantified by >N isotope
dilution. II. Effect of cultivars of beans. Agronomy Journal, 75: 645-649

Reyes M, Soto J, Zudiiga D, Cadenas A. 2019. Biocontrol del marchitamiento vascular
del frijol, causado por Fusarium oxysporum empleando Rizobacterias Promotoras del
Crecimiento Vegetal (PGPR). Revista Cientifica y Tecnologica UPSE, 6: 9-16

Ribeiro RA, Rogel MA, Lopez-Lopez A, Ormeiio-Orrillo E, Barcellos FG, Martinez J,
Hungria M. 2012. Reclassification of Rhizobium tropici type A strains as Rhizobium
leucaenae sp. nov. International Journal Systematic and Evolutionary and Microbiology,
62(5): 1179-1184

Ribeiro R, Ormefio E, Dall’Agnol R, Graham P, Martinez E, Hungria M. 2013. Novel
Rhizobium lineages isolated from root nodules of the common bean (Phaseolus vulgaris
L.) in Andean and Mesoamerican areas. Research Microbiology, 164(7): 740-748
Ribeiro RA, Martins TB, Ormefio-Orrillo E, Mar¢con-Delamuta JR, Rogel MA, Martinez-
Romero E, Hungria M. 2015. Rhizobium ecuadorense sp. nov., an indigenous N2-fixing
symbiont of the Ecuadorian common bean (Phaseolus vulgaris L.) genetic pool.
International Journal of Systematic Evolutionary and Microbiology, 65: 3162-9
Rios-Ruiz WF, Valdez-Nufiez RA, Bedmar EJ, Castellano-Hinojosa A. 2019. Utilization
of endophytic bacteria isolated from legume root nodules for plant growth promotion. In
Field Crops: Sustainable Management by PGPR (pp. 145-176). Springer

Rodifio AP, de la Fuente M, De Ron AM, Lema MJ, Drevon JJ, Santalla M. 2011.
Variation for nodulation and plant yield of common bean genotypes and environmental
effects on the genotype expression. Plant Soil, 346: 349-361

Rodifio AP, Ribeiro M, De Ron AM. 2020. Implications of the Symbiotic Nitrogen
Fixation in common bean under seasonal water stress. Agronomy, 11: 70

Rodriguez JC, Rios WF, Valdez RA, Rojas JC. 2024. Efficient Rhizobium spp. strains in
nitrogen fixation enhance the yield of Phaseolus Vulgaris Var. “panamito” in acidic soils.
Chemical Engineering Transactions, 111: 691-696

Romaéan-Ponce B, Zhang YJ, Vasquez-Murrieta MS, Sui XH, Chen WF, Alberto Padilla
JC, Guo XW, Gao JL, Yan J, Wei GH, Wang ET. 2016. Rhizobium acidisoli sp. nov.,
isolated from root nodules of Phaseolus vulgaris in acid soils. International Journal of
Systematic Evolutionary Microbiology, 66: 398—406

De Ron AM, Papa R, Bitocchi E, Gonzalez AM, Debouck DG, Brick MA, Fourie D,
Marsolais F, Beaver J, Geftroy V, McClean P, Santalla M, Lozano R, Yuste-Lisbona FJ,
Casquero, P. A. (2015). Common bean. In Grain legumes, (pp. 1-36. New York, NY:
Springer New York

De Ron AM, Gonzalez AM, Rodio AP, Santalla M, Godoy L, Papa R. 2016. History of
the common bean crop: its evolution beyond its areas of origin and domestication. Arbor,
192 (779), a317

De Ron AM, Ferreyra MJ, Menéndez-Sevillano MC, Ibarra L, Gonzalez-Anta G. 2017.
Diversity and conservation of wild and primitive common bean germplasm and their
associated rhizobia in the Andean region. In: Eds. A. Clemente and J.C. Jiménez-Lopez
Legumes for Global Food Security, pp. 41-71. Nova Science Publishers Inc. New Yor,
USA

Ronner E, Franke AC, Vanlauwe B, Dianda M, Edeh E, Ukem B, Giller KV. 2016.
Understanding variability in soybean yield and response to P-fertilizer and Rhizobium
inoculants on farmers’ fields in northern Nigeria. Field Crops Research, 186: 133-145
Ruiz-Santiago RR, Gomez HSB, Sanchez ER, Alejo JC. 2020. Effect of the association
of Rhizobium etli-Phaseolus vulgaris L. on the plant growth and the preference of Bemisia
tabaci. Tropical and Subtropical Agroecosystems, 23: 1



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Sdidi S, Mnasri B, Mhamdi R. 2011. Diversity of nodule-endophytic agrobacteria-like
strains associated with different grain legumes in Tunisia. Systematic and Applied
Microbiology, 34(7): 524-530

Salomon MV, Funes Pinter I, Piccoli P, Bottini R. 2017. Use of plant growth-promoting
rhizobacteria as biocontrol agents: induced systemic resistance against biotic stress in
plants. In Microbial Applications. Vol. 2, pp. 133-152. Springer

Samago TY, Anniye EW, Dakora FD. 2018. Grain yield of common bean (Phaseolus
vulgaris L.) varieties is markedly increased by rhizobial inoculation and phosphorus
application in Ethiopia. Symbiosis, 75: 245-255

Sarkar S, Khatun M, Era FM, Islam AKM, Anwar M, Danish S, Islam AKM. 2021.
Abiotic stresses: Alteration of composition and grain quality in food legumes. Agronomy,
11: 11

Santos Villalobos SDL, Parra Cota FI, Herrera Sepulveda A, Valenzuela Aragon B,
Estrada Mora JC. 2018. Coleccion de microorganismos edéaficos y endofitos nativos para
contribuir a la seguridad alimentaria nacional. Revista Mexicana de Ciencias Agricolas
9: 191-202

Schmidt TM, Thomé AHE, Sperotto RA, Granada CE. 2019. Effect of rhizobia
inoculation on the development of soil-borne pathogens infecting common bean plants.
European Journal of Plant Pathology. 153: 687-694

Segovia L, Young JPW, Martinez-Romero E. 1993. Reclassification of American
Rhizobium leguminosarum biovar phaseoli type 1 strains as Rhizobium etli sp. nov.
International Journal of Systematic Bacteriology, 43: 374-377

Seyahjani EA, Yarnia M, Farahvash F, Benam MBK, Rahmani HA. 2020. Influence of
Rhizobium, Pseudomonas and mycorrhiza on some physiological traits of red beans
(Phaseolus vulgaris L.) under different irrigation conditions. Legume Research, 43(1):
81-86

Shamseldin A, Carro L, Peix A, Velazquez E, Moawad H, Sadowsky MJ. 2016. The
symbiovar trifolii of Rhizobium bangladeshense and Rhizobium aegyptiacum sp. nov.
nodulate 7rifolium alexandrinum in Egypt. Systematic and Applied Microbiology, 39:
275-279

Shamseldin A, Velazquez E. 2020. The promiscuity of Phaseolus vulgaris L. (common
bean) for nodulation with rhizobia: a review. World Journal of Microbiology and
Biotechnology. 36: 1-12

Shrivastava P, Kumar R. 2015. Soil salinity: A serious environmental issue and plant
growth promoting bacteria as one of the tools for its alleviation. Saudi journal of
Biological Sciences, 22: 123-131

Silva FV, De Meyer SE, Simoes-Aratijo JL, Barbe TDC, Xavier GR, O’Hara G, Zilli JE.
2014. Bradyrhizobium manausense sp. nov., isolated from effective nodules of Vigna
unguiculata grown in Brazilian Amazonian rainforest soils. International Journal of
Systematic Evolutionary and Microbiology, 64: 2358-2363

Smil V. 2011. Nitrogen cycle and world food production. World Agriculture, 2: 9-13

Sindhu S, Dahiya A, Gera R, Sindhu SS. 2020. Mitigation of abiotic stress in legume-
nodulating rhizobia for sustainable crop production. Agricultural Research, 9: 444-459
Singh S, Schwartz H. 2010. Breeding common bean for resistance to insect pests and
nematodes. Canadian Journal of Plant Science, 91: 239-250

Singh A, Dikshit HK, Ramawat N, Kumar S. 2021. QTL mapping for abiotic stress in
legumes. In Abiotic Stress and Legumes, p. 337-370). Academic Press

Sunyar B, Yesildag MF, Alma MH. 2024. Effectiveness of Bacillus and Pseudomonas
strains in biological control of common bacterial blight disease in common bean
(Phaseolus vulgaris L.). Journal of Crop Health, 76(6): 1357-1372



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Tairo EV, Mtei KM, Ndakidemi PA. 2017. Influence of water stress and rhizobial
inoculation on the accumulation of chlorophyll in Phaseolus vulgaris (L.) cultivars.
International Journal of Plant and Soil Science, 15: 1-13

Telles TS, Silvestre DA, Mendes ADR, de Souza LGA, da Concei¢ado Jesus E, Andrade
DS. 2025. The economics of biological nitrogen fixation in common bean, cowpea and
mung bean in Brazil. Plant and Soil, 1-12

Toledo I, Lloret L, Martinez-Romero E. 2003. Sinorhizobium americanum sp. nov., a new
Sinorhizobium species nodulating Acacia spp. in Mexico. Systematic and Applied
Microbiology, 26:54-64

Tong W, Li X, Huo Y, Zhang L, Cao Y, Wang E. 2018. Genomic insight into the taxonomy
of Rhizobium genospecies that nodulate Phaseolus vulgaris. Systematic and Applied
Microbiology, 41: 300-310

Torres AR, Brito B, Imperial J, Palacios JM, Ciampitti IA, Ruiz-Argiieso T, Hungria, M.
2020. Hydrogen-uptake genes improve symbiotic efficiency in common beans
(Phaseolus vulgaris L.). Antonie van Leeuwenhoek, 113: 687-696

Torres-Gutiérrez R, Granda-Mora KI, Bazantes Saltos KDR, Robles-Carrion AR. 2021.
Rhizobium diversity is the key to efficient interplay with Phaseolus vulgaris. Case of
study of southern Ecuador. In Advances in the Domain of Environmental Biotechnology:
Microbiological Developments in Industries, Wastewater Treatment and Agriculture (pp.
521-548). Singapore: Springer Singapore

Trueman C, Blauel T, Abaya A, Zhang K, Gillard C. 2022. First report of Heterodera
glycines infecting commercial dry beans (Phaseolus vulgaris) in Canada. Canadian
Journal of Plant Science, 102: 935-939

Valverde A, Velasquez E, Gutierrez C, Cervantes E, Ventosa A, Igual JM. 2003.
Herbaspirillum lusitanum sp. nov., a novel nitrogen-fixing bacterium associated with root
nodules of Phaseolus vulgaris. International Journal of Systematic Evolutionary
Microbiology, 53: 1979-1983

Valverde A, Igual JM, Peix A, Cervantes E, Veldzquez E. 2006. Rhizobium lusitanum sp.
nov. a bacterium that nodulates Phaseolus vulgaris. International Journal of Systematic
Evolutionary Microbiology, 56: 2631-2637

Van der Ent S, Van Wees SC, Pieterse CM. 2009. Jasmonate signaling in plant interactions
with resistance-inducing beneficial microbes. Phytochemistry, 70(13-14): 1581-1588
Van der Veken L, Win PP, Seeboruth P, Cabasan MTN, Swennen R, Elsen A, De Waele
D. 2020. Bio-protective effect of a root-nodulating Rhizobium etli strain in common bean
(Phaseolus vulgaris) against Meloidogyne incognita and Radopholus similis in an in vitro
autotrophic tripartite culture system. Nematology, 23: 645-653

Van der Veken L, Cabasan MTN, Elsen A, Swennen R, De Waele D. 2021. Effect of single
or dual inoculation of the arbuscular mycorrhizal fungus Glomus mosseae and root-
nodulating rhizobacteria on reproduction of the burrowing nematode Radopholus similis
on non-leguminous and leguminous banana intercrops. Journal of Plant Disease and
Protection, 128: 961-971

Vandeputte D, Kathagen G, D’hoe K. et al. 2017. Quantitative microbiome profiling links
gut community variation to microbial load. Nature, 551: 507-511

Vanlauwe B, Hungria, M., Kanampiu F, Giller KE. 2019. The role of legumes in the
sustainable intensification of African smallholder agriculture: Lessons learnt and
challenges for the future. Agricultural Ecosystems and Environmental, 284: 106583
Velasco-Jiménez A, Castellanos-Hernandez O, Acevedo-Hernandez G, Aarland RC,
Rodriguez-Sahagin A. 2020. Bacterias rizosféricas con beneficios potenciales en la
agricultura. Terra Latinoamericana, 38: 333-345



MOJH N225:5 SOCIEDAD de CIENCIAS de GALICIA Diciembre - December, 2025
|

Vieira MEO, Nunes VV, Calazans CC, Silva-Mann R. 2024. Unlocking plant defenses:
harnessing the power of beneficial microorganisms for induced systemic resistance in
vegetables—a systematic review. Biological Control, 188, 105428

Vitousek PM, Cassman K, Cleveland C. et al. 2002. Biogeochemistry, 57: 1-45

VoB3 L, Heinemann KJ, Herde M, Medina-Escobar N, Witte CP. 2022. Enzymes and
cellular interplay required for flux of fixed nitrogen to ureides in bean nodules. Nature
Communications, 13(1): 5331

Volpiano CG, Lisboa BB, Granada CE, José JFBS, Oliveira AMRD, Beneduzi A, Vargas
LK. 2019. Rhizobia for biological control of plant diseases. In Microbiome in plant health
and disease, pp. 315-336. Springer, Singapore

Wang F, Wang ET, Wu LJ, Sui XH, Li Jr Y, Chen WX. 2011. Rhizobium vallis sp. nov.,
isolated from nodules of three leguminous species. International Journal of Systematic
Evolutionary and Microbiology, 61(11): 2582-2588

Wang YC, Wang F, Hou BC, Wang ET, Chen WF, Sui XH, Zhang YB. 2013. Proposal of
Ensifer psoraleae sp. nov., Ensifer sesbaniae sp. nov., Ensifer morelense comb. nov. and
Ensifer americanum comb. nov. Systematic and Applied Microbiology, 36: 467-473
Wang ET, Tian CF, Chen WF, Young JPW, Chen WX. 2019. Ecology and Evolution of
Rhizobia. Principles and Applications. Springer Singapore

Wang X, Feng H, Wang Y, Wang M, Xie X, Chang H, Wang E. 2021. Mycorrhizal
symbiosis modulates the rhizosphere microbiota to promote rhizobia-legume symbiosis.
Molecular Plants, 14: 503-516

Wekesa C, Muoma J, Ombori O, Maingi J, Okun D, Juma K, Mauti E. 2017. Genetic
characterization of rhizosphere bacteria that inhabit common bean nodules in Western
Kenya soils. Applied Microbiology, 3: 1

Xun W, Shao J, Shen Q, Zhang R. 2021. Rhizosphere microbiome: Functional
compensatory assembly for plant fitness. Computational and Structural Biotechnology
Journal, 19: 5487-5493

Yan J, Yan H, Liu LX, Chen WF, Zhang XX, Verastegui-Valdés MM, Han XZ. 2017.
Rhizobium hidalgonense sp. nov., a nodule endophytic bacterium of Phaseolus vulgaris
in acid soil. Archives Microbiology, 199: 97-104

Yanni Y, Zidan M, Dazzo F, Rizk R, Mehesen A, Abdelfattah F, Elsadany A. 2016.
Enhanced symbiotic performance and productivity of drought stressed common bean
after inoculation with tolerant native rhizobia in extensive fields. Agricultural Ecosystems
Environmental. 232: 119-128

Zahran HH. 1999. Rhizobium-legume symbiosis and nitrogen fixation under severe
conditions and in an arid climate. Microbiology and Molecular Biology Reviews, 63: 968-
989

Zhang S, Fu Y, Mersha Z, Pernezny K. 2017. Assessment of copper resistance in
Pseudomonas syringae pv. phaseolicola, the pathogen of halo blight on snap bean. Crop
Protection, 98: 8-15

Zhang J, Cook J, Nearing JT, Zhang J, Raudonis R, Glick BR, Cheng Z. 2021. Harnessing
the plant microbiome to promote the growth of agricultural crops. Microbiological
Research, 126690

Zurdo-Pineiro JL, Garcia-Fraile P, Rivas R, Peix A, Leon-Barrios M, Willems A, Mateos
PF, Martinez-Molina E, Velazquez E, van Berkum P. 2009. Rhizobia from Lanzarote, the
Canary Islands, that nodulate Phaseolus vulgaris have characteristics in common with
Sinorhizobium meliloti 1solates from mainland Spain. Applied and Environmental
Microbiology, 75: 2354-2359



