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ABSTRACT 
Phaseolus lunatus (Lima bean) is the second most economically important species of genus Phaseolus and one of the 12 primary grain 
legumes. The plant presents great rusticity and has the capacity to resist long dry periods, characteristics that are important for tropical 
regions. P. lunatus, like other legume plants, can establish a symbiosis with soil rhizobia that leads to the development of legume nodules 
in response to the appropriate nitrogen-fixing bacteria. These symbioses result in biological nitrogen fixation (BNF), the process by which 
atmospheric nitrogen (N2) is converted into ammonia (NH3), making it available for legumes plants. The nitrogen-fixing bacteria of the 
family Rhizobiaceae, including the genera Rhizobium, Sinorhizobium, Mesorhizobium, Allorhizobium, Azorhizobium and Bradyrhizobium, 
are collectively referred to as rhizobia. In recent years, however other �- and �-proteobacteria have been shown to produce nodules in 
legumes. However, the rhizobium–P. lunatus symbiosis has scarcely been studied. Recently, some studies have been conducted to 
evaluate the genetic variability of the rhizobium–P. lunatus symbiosis. These studies have evaluated phenotypic and molecular diversity 
of rhizobia isolated from soils of several countries. This review describes the main research results in this field. 
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PHASEOLUS LUNATUS: IMPORTANCE 
 
The genus Phaseolus includes five grain legumes of world-
wide or regional economic importance, and approximately 
50 species, all of neotropical origin (Delgado Salinas 1985). 
Among these, P. lunatus (Lima bean), P. vulgaris (common 
bean), P. coccineus (scarlet runner bean) and P. acutifoliu 
(tepary bean) were domesticated by prehispanic civiliza-
tions and are widely used for human consumption. Lima 
bean (P. lunatus) is a legume, originally from Peru. Lima 
bean is the second most economically important species of 
Phaseolus and one of the 12 primary grain legumes (Fofana 
et al. 1999). 

The available archaeological evidence supports the 
hypothesis that the small-seeded Lima beans were domes-
ticated in Mesoamerica while the large-seeded types were 
domesticated in South America. Based on a review of the 
available information, Salgado et al. (1995) showed that 
wild forms can be divided into two groups. One is distri-
buted in the lowlands of eastern South America, stretching 
from the Caribbean coast, through Brazil and eastern Peru, 
to Salta, Argentina. The other group is distributed in the 
western Andes, in Ecuador and northern Peru. 

The Lima bean is an annual or short-lived perennial 
species, with a mixed mating system that is predominantly 
autogamous but without crossing levels up to 48% (Bau-
doin et al. 1998). Wild individuals are characterized by in-
determinate climbing growth, a prolonged flowering period, 
and production of a large number of pods (Zoro Bi et al. 
2003). Pole type cultivar and wild form of P. lunatus are 
twining, perennial herbs, 2-4 m tall, with an enlarged root-
stock (Purseglove 1974). Annual and small bush forms, 30-
90 cm high, have been developed in cultivation. Flower size 
is smaller than that of P. vulgaris or P. coccineus. Flower 
color is usually pale green, occasionally violet (Beyra and 
Artiles 2004). Seeds are very variable in size, shape and 
color, 1-3 cm long, ranging from flat-seeded types to roun-
ded seeds of potato types with cream, red, purple, brown or 
black, and various types of mottled color. The hilum is 
white with translucent lines radiating from it to outer edge 
of testa. The pod is oblong, generally recurved, 5-12 × 1.5-
2.5 cm with 2 to 4 seeds per pod (Vieira 1992). 

Lima bean is one of the most important crops associated 
with other legumes and non-legumes in region Northwest of 
Brazil. Although this crop shows a higher capacity of adap-
tation, compared to common bean, the cultivation of Lima 
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bean has little relevance. The main reason for the limited 
cultivation is due the larger tradition in the consumption of 
common bean. However, the rusticity of Lima bean and its 
capacity to resist to long dry periods are important charac-
teristics for semi-arid regions, as the Northwest of Brazil, 
and can increase the economical and social importance of 
the crop (Azevedo et al. 2003). The grain of Lima bean has 
high protein content and can be used for human alimen-
tation, decreasing the dependence on common bean (Vieira 
1992). According to Oliveira et al. (2004), the Lima bean is, 
actually, an alternative food source for human alimentation 
in the Northeast region of Brazil. 
 
RHIZOBIA–LEGUMES SYMBIOSIS 
 
Legumes can establish an agronomically and ecologically 
important symbiosis that leads to the development of a new 
plant organ (the legume nodule) in response to the appropri-
ate nitrogen-fixing bacteria (Schultze and Kondorosi 1998). 
These bacteria invade root tissues and induce the formation 
of specialized structures known as nodules where they dif-
ferentiate and fix atmospheric nitrogen which is supplied to 
the plant. 

Biological Nitrogen Fixation (BNF) is the process by 
which atmospheric nitrogen (N2) is converted into ammonia 
(NH3) and is subsequently available for plants. In agricultu-
ral settings, perhaps 80% of this biologically fixed N2 comes 
from symbioses involving leguminous plants and bacteria 
of the family Rhizobiaceae. The family Rhizobiaceae cur-
rently includes six genera: Rhizobium, Sinorhizobium, Meso-
rhizobium, Allorhizobium, Azorhizobium, and Bradyrhizo-
bium, which are collectively referred to as rhizobia (Vance 
1998). In recent years, however, other �-proteobacterias 
have been shown to produce nodules in the legume (Mou-
lin et al. 2002) Methylobacterium (Sy et al. 2001); Blasto-
bacter (Van Berkun and Eardly 2002), and Devosia (Rivas 
et al. 2002) and �-proteobacterias such as Burkholderia 
strain and Ralstonia taiwanesis, isolated from Mimosa 
(Chen et al. 2001, 2003, 2007). 

It has been estimated that 1 g of soil may contain a 
community of 109 microorganisms, with rhizobia represen-
ting around 0.1% of the soil microorganisms or 106 rhizobia 
g-1 soil (Thies et al. 1991). 

Nitrogen fixation by rhizobia is of great importance in 
agriculture in several ways. Legumes such as peas, beans, 
lentils, soybeans, alfalfa and clover help to feed the meat-
producing animals of the world as well as humans. Crop 
yields are greatly improved in nodulated plants; legumes 
can also grow well in poor soils where there is not enough 
fixed nitrogen to support other types of plants. After harvest 
legume roots left in the soil decay, releasing organic nitro-
gen compounds for uptake by the next generation of plants. 
Farmers take advantage of this natural fertilization by rota-
ting a leguminous crop with a non leguminous one. Sym-
biotic nitrogen fixation is of great importance not only in 
the production of leguminous crops but also in the global 
nitrogen cycle (Araújo et al. 2008). 

The agronomic implications of this symbiosis have pro-
moted research on biological nitrogen fixation and on the 
characterization of rhizobia (Fernández-Pascual et al. 2007). 
Rhizobia have the ability to infect the roots of legumes and 
to produce nodules. Legumes root nodules are highly speci-
alized structures adapted to reduce and fix nitrogen gas for 
the benefit of the plant system as a whole, thus permitting 
excellent growth of nodulated legumes plants under nitro-
gen-deficient conditions. The differentiated forms of rhizo-
bia in the nodule, called bacteroids, fix atmospheric nitro-
gen into ammonia and export the fixed nitrogen to the host 
plant (Long 1989). 
 
Nodule development 
 
Nodulation is a highly host-specific interaction in which, 
with few exceptions, specific rhizobia strains infect a lim-
ited range of plant hosts. Nitrogen-fixing nodules are 

formed as a consequence of a series of interactions between 
rhizobia and leguminous host plants. Rhizobia approaching 
the root of compatible host plants respond to plant derived 
inducing compounds (usually flavonoids) by expressing 
their nodulation (nod) genes. Induction of these genes leads 
to the production and secretion of return signals, the nodu-
lation factors (Nod signals), which are lipochitooligosac-
charides of variable structure (Oldroyd et al. 2005). Nod 
factors induce root hair deformations, cortical cell divisions, 
and on some host plants, fully grown nodule-like structures 
(Denarie et al. 1996). 

During the infection process, the bacteria enter the plant 
via the root epidermis and induce the reprogramming of 
root cortical cell development and the formation of a nodule. 
First, rhizobia infect the root hairs and form an infection 
thread that grows in to the inside of the root (Fig. 1). The 
rhizobia multiply inside the infection thread, so that the 
initial infection of a few bacteria can cause a large colony 
of bacteria to build up inside the plant. By the time the in-
fection thread has penetrated only 3-6 radial cell layers of 
the cortex, divisions occur in a small group of inner-cortical 
cells directly ahead of the thread. The initial divisions in 
these cells are always anticlinal. These cells are invaded by 
the bacteria released from the infection thread, and subse-
quently differentiate into non-dividing bacteroid-containing 
cells. The infection thread continues to branch in the centre 
of the expanding meristematic area, and new cells are in-
vaded by the bacteria. 

As development proceeds, more cortical layers contri-
bute to the nodule and the thread branches and extend back-
ward towards the epidermis. In this way, the characteristics 
regions of the young nodule are delimited: a central bacte-
roid tissue, a peripheral, non-infected nodule cortex with a 
vascular system, and an apical meristem. The time of pro-
cess of nodule development varies among different legumes 
host. For example, in cowpea, common-bean and soybean, 
both important legumes for tropical regions, the time of in-
fection process and nodule development is approximately 
seven, nine and 15 days, respectively (Vargas et al. 1982; 
Hungria and Neves 1986; Xavier et al. 2007). For Lima 
bean, there is evidence that the time of infection process 
and nodule developments is approximately 20-30 days (Jar-
del O. Santos, pers. comm.). After nodule development and 
before the occurrence of fixation, nodulins, which are in-
volved in biological nitrogen fixation, form. Nodulins are 
nodule-specific proteins synthesized in association with the 
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Fig. 1 General steps of nodule formation in legumes. Step 1) Multipli-
cation of rhizobia (rh) in the root hair: cortex (ct) and epidermis (ep). Step 
2) Infection of rhizobia (rh) to the root hair. Step 3) Formation of infection 
thread (it). Step 4) Formation of nodules (nd) connected with plant xylem 
(xy). 
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symbiosis process established among leguminous and Rhi-
zobia. These proteins play distinct by crucial functions 
during the biological nitrogen fixation of N2 (Silveira et al. 
1999). Nitrogenase is the principal nodulin involving in the 
BNF and catalyzes both the reduction of N2 to ammonia 
and H+ to molecular hydrogen. Additionally, phosphoenol-
pyruvate carboxylase-PEPC (E.C.4.1.1.31) and glutamine 
synthetase-GS (E.C.6.3.1.2) are particularly important. 
PEPC supplies carbon skeletons and as a contributory factor 
for ATP synthesis, both essential for GS and nitrogenase ac-
tivity (Rodrigues et al. 1998). GS is crucial in the assimila-
tory process of atmospheric nitrogen, as it catalyzes the first 
step in the conversion of inorganic nitrogen (ammonium) 
into its organic form (glutamine) (Gonnet and Diaz 2000). 
Some evidence indicates that there is synergism played by 
nitrogenase, PEPC and GS activities on N2 fixation effici-
ency by legumes nodules. 

The nitrogenase enzyme requires high rates of ATP 
from oxidative phosphorylation, a process which requires 
oxygen as the final electron receptor of the respiratory chain. 
However, nitrogenase (component II) is inactivated by an 
excess of oxygen, whist the expression of nif and fix genes 
requires a microaerobic environment (Soupene et al. 1995). 
This implies a very accurate control of oxygen supply to the 
bacteroids. This control is established in the nodule cortex 
by an oxygen diffusion barrier and in the infected cells by 
the oxygen-carrying leghemoglobin and bacteroids’ respira-
tion. The leghemoglobin provides a flux of O2 for rhizobial 
respiration and maintains O2 at a concentration that does not 
render the nitrogenase complex inactive (Appleby 1984). 
 
DIVERSITY OF ISOLATES OF RHIZOBIA 
NODULATING PHASEOLUS LUNATUS IN 
TROPICAL SOILS 
 
The studies of diversity of rhizobia are related to several 
legumes of the genera Phaseolus, Medicago, Melilotus, 
Trifolium, Glycine, etc. These studies have been conducted 
with molecular methods that provide the possibility to 
identify taxonomic groups of rhizobia in soils. Among the 
methods used, DNA-DNA homology based on quantitative 
hybridization is considered the standard method for the 
designation of species (Graham et al. 1991). On the other 
hands, the restriction fragment length polymorphism 
(RFLP) analysis of 16s rRNA amplified by the polymerase 
chain reaction (PCR) provides a simplified method for cha-
racterization of rhizobial isolates at the molecular level. 
Laguerre et al. (1994) examined 48 strains of Rhizobium, 
Bradyrhizobium and Agrobacterium by this method, as 
wel1 as unclassified rhizobia from various host plants, and 
showed that species assignments were in full agreement 
with the established taxonomic classification. 

A review published by McInnes et al. (2004) related the 
results founded in the world about diversity of rhizobia 
isolated in several host legumes. The authors observed that 
some rhizobia species shows low strain richness, for exam-
ple Rhizobium leguminosarum bv. trifolii associated with 
Trifolium pratense and Trifolium subterraneum. On the 
other hand, for R. etli bv. phaseoli populations, there was 
greater strain richness at Mexican with Phaseolus coccineus, 
while that with Phaseolus vulgaris, there was a low strain 

richness. Additionally, the review shows that the some leg-
ume hosts exhibit strain specificity and others is more pro-
miscuous to several rhizobial species, likely it occur for 
strain related with the legumes host. For example, Shantha-
ram and Wong (1982) shown that Rhizobium sp., strain 
127E15, which was originally isolated from effective Lima 
bean nodules was capable of forming effective nodules on 
the cowpea (Vigna unguiculata L., Walp. cv. ‘California 
Blackeye’), lupine (Lupinus angustifolius L. cv. ‘Frost’), the 
lima bean (Phaseolus lunatus L. cv. ‘Henderson’), and par-
tially effective nodules on commom bean (Phaseolus vul-
garis L. ‘cv. Kentucky Wonder’). 

In the last years, several papers have studied the diver-
sity of rhizobia isolated in several host legumes (Table 1). 
The results show a great diversity of rhizobia in soil in the 
world, from tropical to temperate regions. For example, 
Mahdhi et al. (2008) investigated the diversity of Retama 
raetam root-nodule bacteria isolated from arid regions of 
Tunisia. The authors founded twelve isolates and, after cha-
racterization by 16S rRNA gene sequencing and phenotypic 
analysis, these isolates were assigned to Sinorhizobium, 
Rhizobium and Agrobacterium. 

The literature in the world has showed that, among the 
legumes of genus Phaseolus, studies about nodulation and 
nitrogen fixation refers to symbiosis of the common bean (P. 
vulgaris) which form symbiosis with several species of the 
Rhizobium genus (Martinez-Romero et al. 1991; Souza et al. 
1994; Martinez-Romero 2003). Lima bean plants are nodu-
lated by fast and slow growing rhizobia groups. Studies 
about P. lunatus–Rhizobia symbiosis shows a great genetic 
diversity among the microsymbionts of P. lunatus has been 
found in a relatively wide collection from some geographic 
locations (Table 2) mainly in the South America. The center 
of diversity of Lima bean is located in Peru. In this location, 
some studies were conducted aiming to characterize the di-
versity of rhizobia symbiont of Lima bean (Ormeño-Orrillo 
et al. 2006, 2007). 

The genetic diversity of native rhizobia isolated from 
Lima bean, in Peru, was conducted by Ormeño-Orrillo et al. 
(2006), who observed that Lima-bean are nodulated mainly 
by the genus Bradyrhizobium. The authors founded 21 al-
kali-producing isolates from Lima bean nodules. Nine 
(43%) were slow growers with their colonies reaching a 
size of 1–3 mm after 5–6 days of incubation on YEM me-
dium, while the remaining 12 isolates (57%) were extra-
slow growers with punctiform colonies (<1 mm) visible 
only after 7–10 days of incubation. The phylogenetic diver-
sity, using nifH and nodB gene sequences, showed that the 
Lima bean isolates were dispersed among three distinct 

Table 1 Diversity of rhizobia nodulating some legumes in the world. 
Rhizobia genus Host legume Location Reference 
Bradyrhizobium Glicine max (soybean crop) Brazil Loureiro et al. 2006; Giongo et al. 2008 
  Zimbabwe Musiyima et al. 2005 
 Inga derstediana (Inga tree) Mexico Grossman et al. 2005 
Rhizobium Phaseolus vulgaris (bean crop) Brazil Kashuk et al. 2006 
 Pisum sativum (pea crop) Canada Vessey and Chemining’wa 2006 
 Arachis hypogaea (peanut crop) Argentina Ibanez et al. 2008 
Sinorhizobium Rhizobium Retana retam (forage) Tunisia Mahdhi et al. 2008 
 Sesbania spp. (Sesbania tree) India Sharma et al. 2005 
Bradyrhizobium Mesorhizobium Albizia spp. (Albizia tree) China Wang et al. 2006 

 

Table 2 Diversity of rhizobia isolated in the world, related to P. 
lunatus. 
Rhizobia genus Location Reference 
Rhizobium, Sinorhizobium Peru Ormeño et al. 2007 
Bradyrhizobium Peru Ormeño-Orrillo et al. 2006
Bradyrhizobium USA Thies et al. 1991 
Rhizobium USA Triplett et al. 1981 
Rhizobium, Bradyrhizobium, 
Mesorhizobium 

Brazil Santos 2008 
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clades. The results evidenced three distinct nodB genotypes 
linked to three nifH genotypes within Bradyrhizobium and 
establishing this species as a natural symbiont of Lima bean, 
in Peru. 

However, a recent study conducted in the same location, 
Ormeño-Orrillo et al. (2007) observed growing species 
nodulating P. lunatus commonly belong to the genus Rhizo-
bium and more rarely to Sinorhizobium. A strain, LMTR32, 
isolated from P. lunatus growing in Peru soils showed a 
high ability to solubilize bicalcium phosphate. The 16S 
rRNA sequence of this strain showed a 100% similarity 
with the type strain of Sinorhizobium. 

In US soil, Thies et al. (1991) examined the degrees of 
specificity, in terms of both nodulation and effectiveness, 
exhibited by Lima bean using Bradyrhizobium spp. (nodu-
lating cowpea). The results shows that 56-70% of the brady-
rhizobia either failed to nodulate or formed ineffective nod-
ules, 12-32% formed symbioses of moderate effectiveness, 
and only 7-18% were as effective. 

On the other hand, the use of morpho-physiological 
characterization is important to preliminary determination 
of rhizobia diversity in soils. Using this characterization, 
Santos (2008) founded a great genetic diversity of rhizobia 
nodulating Lima bean, in a study conducted in Brazilian 
soils. In this study, rhizobia found in nodules of Lima bean 
genotypes were isolated and characterized. Among the iso-
lates, 50 and 60 were fast- and slow-growers, respectively. 
There was isolates that produced alkali, suggesting a sym-
biosis with Bradyrhizobium. Based on morphological and 
physiological characterization, five and four groups of iso-
lates formed based in the Tocher and UPGMA methods, 
respectively. Using the classification of Wang et al. (2008), 
the characteristic shown by isolates indicates species of ge-
nus Bradyrhizobium, Mesorhizobium and Rhizobium for-
ming nodules in Lima bean in Brazilian soils. 
 
CONCLUSIONS 
 
Phaseolus lunatus is legume species important as a protein 
source for human nutrition. The plant is very resistant and 
has the capacity to resist long dry periods, important cha-
racteristics in tropical regions. It is important that existing 
breeding affords incorporate selection to maximize N2 
fixation in the P. lunatus legume-rhizobia symbiosis, and 
both host and microsymbiont must be considered when 
taking into account the importance of the cultivar × strain 
interaction in order to increase plant productivity and bio-
logical nitrogen fixation. In an agricultural setting, perhaps 
80% of this biologically fixed N2 comes from symbioses 
involving leguminous plants and bacteria of the family 
Rhizobiaceae. The studies published have showed, mainly 
in tropical soils, a great diversity of rhizobia nodulating 
Lima bean and there are symbionts from the genera Brady-
rhizobium, Mesorhizobium, Rhizobium and Sinorhizobium. 
In this sense, there is the need to study the isolation and 
evaluation of the efficiency of strains aiming to increase 
plant growth and yield. 
 
ACKNOWLEDGEMENTS 
 
The authors are grateful to the National Council for Scientific and 
Technological Development (CNPq) and Piauí State Research 
Foundation (FAPEPI), Brazil, for financial support to research 
with Phaseolus lunatus. Jardel O. Santos and Marcia V. B. Figuei-
redo are supported by personal grants from CNPq-Brazil. 
 
REFERENCES 
 
Appleby CA (1984) Leghemoglobin and Rhizobium respiration. Annual Review 

of Plant Physiology 35, 521-554 
Araújo ASF, Figueiredo MBV, Monteiro RTR (2008) Potential of biological 

nitrogen fixation as indicator of soil pollution. In: Couto GN (Ed) Nitrogen 
Fixation Research Progress, Nova Science Publishers, New York, in press 

Azevedo JN, Franco JD, Araújo ROC (2003) Composição química de sete 
variedades de feijão-fava. Teresina, Embrapa Meio-Norte, 4 pp 

Baudoin JP, Degreef J, Hardy O, Janart F, Zoro Bi I (1998) Development of 

an in situ conservation strategy for wild Lima bean (Phaseolus lunatus L.) 
populations in the central valley of Costa Rica. In: Owens SJ, Rudall PJ (Eds) 
Reproduction Biology, Royal Botanic Garden Press, England, pp 417-426 

Beyra A, Artiles GR (2004) Revisión taxonômica de los gêneros Phaseolus y 
Vigna (Leguminosae – Papilionoideae) en Cuba. Anales Del Jardín Botánico 
de Madrid 61, 135-154 

Chen WM, James EK, Prescott AR, Kierans M, Sprent JL (2003) Nodula-
tion of Mimosa spp. by the �-proteobacterium Ralstonia taiwanensis. Mole-
cular Plant-Microbe Interactions 16, 1051-1061 

Chen WM, Laevens S, Lee TM, Coenye T, de Vos P, Mergeay M, Van-
damme P (2001) Ralstonia taiwanensis sp. nov., isolated from root nodules 
of Mimosa species and sputum of a cystic fibrosis patient. International Jour-
nal of Systematics and Evolutionary Microbiology 51, 1729-1735 

Chen WM, de Faria SM, James EKB, Elliott GN, Sprent JL, Vandamme P 
(2007) Burkholderia nodosa sp. nov., isolated from root nodules of the 
woody Brazilian legumes Mimosa bimucronata and Mimosa scabrella. Inter-
national Journal of Systematic and Evolutionary Microbiology 57, 1055-
1059 

Delgado Salinas A (1985) Systematics of the genus Phaseolus (Leguminosae) 
in North and Central America. Ph.D. dissertation. University of Texas, Austin, 
TX 

Denarie J, Debelle F, Prome JC (1996) Rhizobium lipo-chitooligosaccharide 
nodulation factors: signaling molecules mediating recognition and morpho-
genesis. Annual Review of Biochemistry 65, 503-535 

Fernández-Pascual M, Pueyo JJ, de Felipe MR, Golvano MP, Lucas MM 
(2007) Singular features of the Bradyrhizobium-lupinus symbiosis. Dynamic 
Soil, Dynamic Plant 1, 1-16 

Fofana B, Baudoin JP, Vekemans X, Debouck DG, Du Jardin P (1999) 
Molecular evidence for an Andean origin and a secondary gene pool for the 
Lima bean (Phaseolus lunatus L.) using chloroplast DNA. Theoretical Ap-
plied Genetic 98, 202-212 

Giongo A, Ambrosini A, Vargas LK, Freire JRJ, Bodanese-Zanettini MH, 
Passaglia LMP (2008) Evaluation of genetic diversity of bradyrhizobia 
strains nodulating soybean [Glycine max (L.) Merrill] isolated from South 
Brazilian fields. Applied Soil Ecology 38, 261-269 

Gonnet S, Diaz P (2000) Glutamine synthetase and glutamate synthase activi-
ties in relation to nitrogen fixation in Lotus spp. Revista Brasileira de Fisio-
logia Vegetal 12, 195-202 

Graham PH, Sadowsky MJ, Keiser HH, Barnet YM, Bradley RS, Cooper 
JE, De Ley DJ, Jarvis BDW, Roslycky EB, Strijdom BW, Young JPW 
(1991) Proposed minimal standards for the description of new genera and 
species of root- and stem-nodulating bacteria. International Journal of Syste-
matic Bacteriology 41, 582-587 

Grossman JM, Sheaffer C, Wyse D, Graham PH (2005) Characterization of 
slow-growing root nodule bacteria from Inga oerstediana in organic coffee 
agroecosystems in Chiapas, Mexico. Applied Soil Ecology 29, 236-251 

Hungria M, Neves MCP (1986) Ontogenia da fixação biológica do nitrogênio 
em Phaseolus vulgaris. Pesquisa Agropecuária Brasileira 21, 715-730 

Ibanez F, Taurian T, Angelini J, Tonelli ML, Fabra A (2008) Rhizobia phylo-
genetically related to common bean symbionts Rhizobium giardinii and Rhi-
zobium tropici isolated from peanut nodules in Central Argentina. Soil Bio-
logy and Biochemistry 40, 537-539 

Jordan DC (1984) Family 111. Rhizobiaceae Conn 1938. In: Krieg NR, Holt 
JG (Eds) Bergeys Manual of Systematic Bacteriology, Watkins and Williams, 
Baltimore, pp 234-254 

Kaschuk G, Hungria M, Andrade DS, Campo RJ (2006) Genetic diversity of 
rhizobia associated with common bean (Phaseolus vulgaris L.) grown under 
no-tillage and conventional systems in Southern Brazil. Applied Soil Ecology 
32, 210-220 

Laguerre G, Allard M, Revoy F, Amarger N (1994) Rapid identification of 
rhizobia by restriction fragment length polymorphism analysis of PCR-am-
plified 16s rRNA genes. Applied and Environmental Microbiology 60, 56-63 

Long SR (1989) Rhizobium–legume nodulation: life together in the under-
ground. Cell 56, 203-214 

Loureiro MF, Kaschuk G, Alberton O, Hungria M (2007) Soybean [Glycine 
max (L.) Merrill] rhizobial diversity in Brazilian oxisols under various soil, 
cropping, and inoculation managements. Biology and Fertility of Soils 43, 
665-674 

Mahdhi M, Nzoue A, de Lajudie P, Mars M (2008) Characterization of root-
nodulating bacteria on Retama raetam in arid Tunisian soils. Progress in 
Natural Science 18, 43-49 

Martínez-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 
Evolutionary Microbiology 41, 417-426 

Martínez-Romero E (2003) Diversity of Rhizobium-Phaseolus vulgaris sym-
biosis: overview and perspectives. Plant and Soil 252, 11-23 

McInnes A, Thies JE, Abbott LK, Howieson JG (2004) Structure and diver-
sity among rhizobial strains, populations and communities – a review. Soil 
Biology and Biochemistry 36, 1295-1308 

Moulin L, Chen WM, Béna G, Dreyfus B, Boivin-Massson C (2002) Rhi-
zobia: the family is expanding. In: Finan T, O’Brian M, Layzell D, Vessey K, 
Newton W (Eds) Nitrogen Fixation: Global Perspectives, CAB International, 

59



Rhizobia–Phaseolus lunatus symbiosis. Santos et al. 

 

pp 61-65 
Musiyiwaa K, Mpeperekia S, Giller KE (2005) Symbiotic effectiveness and 

host ranges of indigenous rhizobia nodulating promiscuous soybean varieties 
in Zimbabwean soils. Soil Biology and Biochemistry 37, 1169-1176 

Oldroyd GED, Harrison MJ, Udvardi M (2005) Peace talks and trade deals, 
Keys to long-term to harmony in legume–microbe symbiosis. Plant Physio-
logy 137, 1205-1210 

Oliveira AP, Alves EU, Alves AU, Dornelas CSM, Silva JA, Porto ML, Alves 
AV (2004) Produção de feijão-fava em função do uso de doses de fósforo em 
um Neossolo Regolítico. Horticultura Brasileira 22, 543-546 

Ormeño E, Torres R, Mayo J, Rivas R, Peix A, Velázquez E, Zúniga D 
(2007) Phaseolus lunatus is nodulated by a phosphate solubilizing strain of 
Sinorhizobium meliloti in a Peruvian soil. In: Velázquez E, Rodríguez-Bar-
rueco C (Eds) Developments in Plant and Soil Sciences, Springer-Verlag, The 
Netherlands, pp 243-247 

Ormeño-Orrillo E, Vinuesa P, Zuniga-Davila D, Martínez-Romero E (2006) 
Molecular diversity of native bradyrhizobia isolated from (Phaseolus lunatus 
L.) in Peru. Systematics and Applied Microbiology 29, 253-226 

Purseglove JW (1974) Phaseolus lunatus In: Tropical Crops: Dicotyledons, 
Longman, London, pp 296-301 

Rivas R, Velazquez E, Willems A, Vizcaino N, Subba-Rao NS, Mateos PF, 
Gillis M, Dazzo FB, Martínez-Molina E (2002) A new species of Devosia 
that forms a unique nitrogen-fixing root-nodule symbiosis with the aquatic 
legume Neptunia natans (L.f.) Druce. Applied and Environmental Microbio-
logy 68, 5217-5222 

Rodrigues JLM, Melloto M, Oliveira JTA, Silveira JAG (1998) Efficiency 
of soybean nodules in relation to nodulin activities and hydrogenase expres-
sion. Revista Brasileira de Fisiologia Vegetal 10, 173-178 

Salgado AG, Gepts P, Debouck DG (1995) Evidence for two gene pools of the 
Lima bean, Phaseolus lunatus L., in the Americas. Genetic Resources and 
Crop Evolution 42, 15-28 

Santos JO (2008) Variabilidade genética em genótipos de fava (Phaseolus 
lunatus), com base na composição química e nodulação por Rhizobium. MSc 
thesis, Universidade Federal do Piauí, Brazil, 72 pp 

Schultze M, Kondorosi A (1998) Regulation of symbiotic root nodule develop-
ment. Annual Review of Genetics 32, 33-57 

Shantharam S, Wong PP (1982) Recognition of leguminous hosts by a pro-
miscuous Rhizobium strain. Applied and Environmental Microbiology 43, 
677-685 

Sharma RS, Mohmmed A, Mishra V, Babu CR (2005) Diversity in a promis-
cuous group of rhizobia from three Sesbania spp. colonizing ecologically dis-
tinct habitats of the semi-arid Delhi region. Research in Microbiology 156, 
57-67 

Silveira JAG, Contado JL, Rodrigues JLM, Oliveira JTA (1999) Nodulin 
activities in relation to nodule development and nitrogen fixation in commom 
beans (Phaseolus vulgaris L.). Physiology and Molecular Biology of Plants 5, 
45-52 

Smartt J (1990) Grain Legumes, Cambridge University Press, Cambridge, pp 

85-139 
Soupene E, Foussard M, Boistard P, Truchet G, Batut J (1995) Oxygen as a 

key developmental regulator of Rhizobium meliloti N2 fixation gene ex-
pression within alfalfa root nodules. Proceedings of the National Academy of 
Sciences USA 92, 3759-3763 

Souza V, Eguiarte L, Ávila G, Capello R, Gallardo C, Montoya J, Pinero D 
(1994) Genetic structure of Rhizobium etli biovar phaseoli associated with 
wild and cultivated bean plants (Phaseolus vulgaris and Phaseolus coc-
cineus) in Morelos, Mexico. Applied Environmental Microbiology 60, 1260-
1268 

Sy A, Giraud E, Jourand P, Garcia N, Willems A, de Lajudie P, Prin Y, 
Neyra M, Gillis M, Boivin-Masson C, Dreyfus B (2001) Methylotrophic 
Methylobacterium bacteria nodulate and fix nitrogen in symbiosis with 
legumes. Journal of Bacteriology 183, 214-220 

Thies JE, Singleton PW, Bohlool BB (1991) Influence of the size of indi-
genous rhizobial population on establishment and symbiotic performance of 
introduced rhizobia on field-grown legumes. Applied and Environmental 
Microbiology 57, 19-28 

Triplett EW, Heitholt JJ, Evensen KB, Blevins DG (1981) Increase in inter-
node length of Phaseolus lunatus caused by inoculation with a nitrate re-
ductase-deficient strain of Rhizobium sp. Plant Physiology 67, 1-4 

van Berkum P, Eardly BD (2002) The aquatic budding bacterium Blastobacter 
denitrificans is a nitrogen-fixing symbiont of Aeschynomene indica. Applied 
and Environmental Microbiology 68, 1132-1136 

Vance CP (1998) Legume symbiotic nitrogen fixation: agronomic aspects. In: 
Spaink HP (Ed) The Rhizobiaceae, Kluwer Academic Publishers, Dordrecht, 
pp 509-530 

Vargas MAT, Peres JRR, Suhet AR (1982) Adubação nitrogenada, inoculação 
e épocas de calagem para a soja em um solo do cerrado. Pesquisa Agropecu-
ária Brasileira 17, 1127-1132 

Vessey JK, Chemining’wa GN (2006) The genetic diversity of Rhizobium 
leguminosarum bv. Viciae in cultivated soils of the eastern Canadian prairie. 
Soil Biology and Biochemistry 38, 153-163 

Vieira RFA (1992) Cultura do feijão-fava. Informe Agropecuário 16, 30-37 
Wang ET, Martínez-Romero E, López I (2008) Rhizobium y su destacada 

simbiosis con plantas. Microbios en linea. Available online: www.biblioweb. 
dgsca.unam.mx/libros/microbios/Cap8/ 

Wang FQ, Wang ET, Zhang YF, Chen WX (2006) Characterization of rhizo-
bia isolated from Albizia spp. in comparison with microsymbionts of Acacia 
spp. and Leucaena leucocephala grown in China. Systematics and Applied 
Microbiology 29, 502-517 

Wilson JK (1944) Over five hundred reasons for abandoning the cross inocu-
lation groups of legumes. Soil Sciences 58, 61-69 

Xavier TF, Araújo ASF, Santos VB, Campos FL (2007) Ontogenia da nodu-
lação em duas cultivares de feijão-caupi. Ciência Rural 37, 572-575 

Zoro Bi I, Maquet A, Baudoin JP (2003) Population genetic structure of wild 
Phaseolus lunatus (Fabaceae), with special reference to population sizes. 
American Journal of Botany 90, 897-904 

 
 

60


