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  Abstract 
 

 

Lupinus mariae-josephae (Lmj) is a lupine species endemic of a unique small area in 
Valencia region (Eastern Spain) where the lupine plants thrive in alkaline-limed soils, which 
preferentially grow in acid or neutral soils. This is the type of soils native lupines of Spain. 
When this work was initiated, the extension of the endemic area of Lmj was of about 700 
squared kilometers confined to the Valencia province. In this area, Lmj thrives in small, isolated 
patches containing a reduced number of plants, and points to an endemism that can easily 
became endangered or extinct. Consequently, the Valencia Community authorities gave a 
‘‘microreserve” status for conservation of the species. All efforts, using classical strategies 
directed to extend the area of Lmj growth and ensure its conservation have been so far 
unsuccessful. The work presented here is directed to improve our knowledge of Lmj ecology 
and it is centered in the characterization of the rhizobial symbiosis by phenotypic, phylogenetic 
and genomic analysis as well as in investigate the potential contribution of the symbiosis to 
improve its conservation. To this end, five different topics have been studied, and results are 
briefly described here. Extensive details can be followed en the attached, published articles.  
 

The first topic deals with the indigenous rhizobial symbionts of the Lmj endemism, and 
its genetic diversity was investigated. The Lmj root symbionts belong to the Bradyrhizobium 
genus, and phylogenetic analysis based on core genes identified a large diversity of 
Bradyrhizobium strains with phenotypic and symbiotic characteristics different from rhizobia 
nodulating other Lupinus spp. native of Spain. The strains were split in two clades. Clade II 
contained strains close to classical B. canariense and B. japonicum lineages that establish 
symbioses with lupines in acid soils of the Mediterranean area. Clade I included Lmj strains that 
define a new lineage, close to other Bradyrhizobium species as B. jicamae and B. elkanii. The 
phylogenetic analysis based on symbiotic genes identified only two distinct clusters. The 
singularity and large diversity of these strains in such a small geographical area makes this an 
attractive system for studying the evolution and adaptation of the rhizobial symbiont to the plant 
host. Additionally, the presence of bacteria able to nodulate Lmj in basic soils from Chiapas, 
Mexico was investigated. Surprisingly, these soils contain bacteria able to effectively nodulate 
and fix nitrogen with Lmj plants in greenhouse assays.  

 
In the second topic, the taxonomic status of the endosymbiotic bacteria of Lmj from 

Valencia endemism and Chiapas was investigated. Results from phylogenetic analysis of core 
genes and Average Nucleotide Identity (ANIm) using draft genomic sequences identified new 
Bradyrhizobium species within strains of Clade I of Lmj endosymbiotic bacteria. Only one of 
these potentially new species has been defined, meanwhile the others are under process of 
characterization.  The name ‘Bradyrhizobium valentinum’ sp. nov. was proposed for the defined 
species (type strain LmjM3T= CECT 8364T, LMG 2761T).  

 
The third topic was directed to conservation of endangered Lmj in its natural habitat. The 

relevant conclusion of this experimentation is that the symbiosis should be considered as a 
relevant factor in the conservation strategies for endangered legumes. First, we showed absence 
of bacteria able to nodulate Lmj in all the inspected ‘‘terra rossa’’ or alkaline red soils of the 
Iberian Peninsula and Balearic Islands. Then, two efficient nitrogen fixing strains with Lmj 
plants, LmjC and LmjM3T, were selected as inoculum for seed coating. Two planting 
experiments were carried out in consecutive years under natural conditions in areas with 
edapho-climatic characteristics identical to those sustaining natural Lmj populations, and 
successful reproduction of the plant was achieved. The relevant conclusion from these assays 
was that the successful reproductive cycle was absolutely dependent on seedling inoculation 
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with effective bradyrhizobia 
 
The forth topic deep into the analysis of the genomic of Lmj representative strains. To this 

end, draft genomic sequences of selected Lmj strains and type strains of Bradyrhizobium spp. 
were assembled.  The comparison analysis of the draft genomic sequences of Lmj strains and 
related Bradyrhizobium species grouped in Clade I, revealed a high genomic homology among 
them, and allowed the definition of five potentially new species of Lmj nodulating bacteria. 
Also, based on the available draft genomic sequences, only three clusters of nod, fix and nif 
genes from Lmj strains were identified and showed to define a new symbiotic lineage, distant 
from that of B. canariense and B. japonicum bv. genistearum. The low diversity exhibited by 
the phylogenetic analysis of symbiotic genes contrast with the large diversity of strains as 
regards the housekeeping genes analyzed. Besides, the genomic analysis of a Lupinus 
angustifolius strain ISLU101, revealed the presence of an extrachromosomal replication origin 
homologous to repABC cluster from plasmid present in Bradyrhizobium spp BTAi1. This 
repABC cluster gene sequence allowed the identification of extrachromosomic replication origin 
in 19 out of 72 Bradyrhizobium strains from Lupinus spp., a highly significant result since the 
absence of plasmids in the Bradyrhizobium genus was traditionally assumed. The repABC gene 
sequences of these strains grouped them in a unique monophyletic group, related to B. sp. 
BTAi1 plasmid, but differentiated from the repABC gene cluster of plasmids in fast growing 
rhizobium strains. 
 

The last topic was focused on characterization of type III secreted effectors present in Lmj 
endosymbiotic bacteria. Type III secretion systems (T3SS) are specialized protein export 
machineries which can deliver effector proteins into plant cells. The presence of T3SS in 
rhizobia has frequently been related to the symbiotic nodulation host-range and may have a 
beneficial or detrimental effect on the symbiosis with legumes. In this context, the presence of 
T3SS in genomes of nine Lmj strains was investigated, and it was shown the presence of 
clusters encoding NopE type III-secreted protein similar to the NopE1 and NopE2 of B. 
diazoefficiens USDA 110T. The putative NopE protein of LmjC strain is at present being 
characterized  regarding its structure and function.  
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Lupinus mariae-josephae (Lmj) es una especie de lupino endémica de una pequeña y 
específica área de Comunidad Valenciana (Este de España), donde prospera en suelos alcalinos-
calcáreos, un hábitat singular para los altramuces, que crecen preferentemente en suelos ácidos 
o neutros. Esto hace de Lmj una especie de lupino única. Cuando se inició este trabajo, la 
extensión conocida de este endemismo abarcaba unos 700 kilómetros cuadrados, confinados en 
la provincia de Valencia. En esta área, Lmj prospera en pequeñas poblaciones aisladas que 
contienen un número reducido de plantas por lo que se la consideró una especie en peligro de 
extinción. Todos los esfuerzos, utilizando estrategias clásicas dirigidas a ampliar el área de 
crecimiento de Lmj y garantizar su conservación, han tenido un éxito limitado. El trabajo que se 
presenta está dirigido a mejorar el conocimiento de la ecología de Lmj, en particular la 
interacción simbiótica que establece con bacterias del suelo denominadas rizobios y se centra en 
la caracterización fenotípica, filogenética y genómica de esos rizobios. También se investiga la 
posible contribución de la simbiosis en mejorar la conservación de Lmj. Para este fin, se han 
estudiado diferentes aspectos que se describen a continuación. 
 

El primero objetivo se centró en aislar y estudiar de la diversidad genética de las bacterias 
endosimbióticas de Lmj. . Se realizó un análisis filogenético de genes esenciales que mostró que 
las cepas de Lmj pertenecen al género Bradyrhizobium y que presentan una gran diversidad con 
características fenotípicas y simbióticas diferentes de cepas de Bradyrhizobium que nodulan 
otras especies de lupinos nativos de España (cepas ISLU). Las cepas estudiadas se dividieron en 
dos grupos (Clado I y Clado II). El Clado I, incluye a las cepas Lmj, definiendo un nuevo linaje, 
filogenéticamente relacionado con otras especies de Bradyrhizobium, como B. jicamae y B. 
elkanii. El Clado II contiene  cepas ISLU relacionadas con cepas de B. canariense y B. 
japonicum que establecen simbiosis con lupinos de suelos ácidos. Otro análisis filogenético 
basado en genes simbióticos, distribuyó las cepas de Lmj en sólo dos grupos diferentes. La 
singularidad y gran diversidad de estas cepas en una pequeña área geográfica, hacen de este, un 
atractivo sistema para el estudio de la evolución y adaptación de las bacterias simbióticas a su 
respectiva planta huésped. Adicionalmente, se estudio la presencia de bacterias capaces de 
nodular Lmj en suelos básicos de Chiapas, México. Sorprendentemente, estos suelos contienen 
bacterias capaces establecer interacciones simbióticas eficientes con Lmj en ensayos de 
invernadero. 
 

A continuación se investigó la taxonomía de los endosimbiontes de Lmj analizando la 
secuencia de cuatro genes esenciales (16S rRNA, recA, glnII y atpD) y el promedio de identidad 
de nucleótidos  de genomas completos de algunas cepas representativas de la diversidad 
(ANIm). Se identificaron nuevas especies de Bradyrhizobium dentro del Clado I y se definió 
una de ellas: 'Bradyrhizobium valentinum' sp. nov (cepa tipo LmjM3T = CECT 8364T, LMG 
2761T). 
 

También se abordó cómo conservar Lmj en su hábitat natural mediante inoculación con 
alguna de las cepas aisladas. Se demostró la ausencia de bacterias capaces de nodular Lmj en 
suelos rojos alcalinos o ‘‘terra rossa’’ de la Península Ibérica y Baleares.  Dos cepas, altamente 
eficientes en cuanto a la fijación de nitrógeno, LmjC y LmjM3T, fueron seleccionadas para ser 
empleadas como inoculantes. Dos experimentos de campo llevados a cabo en años consecutivos 
en áreas con características edafoclimáticas similares a las que presentan las poblaciones de 
Lmj, lograron la reproducción exitosa de la planta. Se concluyó que un ciclo reproductivo 
exitoso de Lmj es absolutamente dependiente de la inoculación con sus simbiontes naturales y 
que la simbiosis debe ser considerada un factor esencial en estrategias de conservación de 
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leguminosas en peligro.  
 

La obtención de varias secuencias genómicas de cepas aisladas de Lmj y de otras cepas de  
Bradyrhizobium reveló una alta similitud entre los genomas de las cepas del Clado I, y permitió 
la identificación de cinco posibles nuevas especies. Además, se estudiaron tres agrupaciones de 
genes relacionados con la simbiosis (nod, nif y fix) definiendo un nuevo linaje para las cepas de 
Lmj, diferente del symbiovar “genistearum” de  B. canariense y B. japonicum. La baja 
diversidad encontrada en el análisis filogenético de los genes simbióticos contrasta con la gran 
diversidad asociada a genes esenciales. La presencia de plásmidos en cepas del género 
Bradyrhizobium ha sido descrita en muy pocas ocasiones, sin embargo el análisis de la 
secuencia genómica de la cepa ISLU101, aislada de Lupinus angustifolius, reveló la presencia 
de un origen de replicación extracromosómico homólogo al operón repABC, presente en el 
plásmido de Bradyrhizobium sp BTAi1. Gracias a esta secuencia se identificaron genes 
homólogos en 19 de 72 cepas ISLU. Filogenéticamente, las secuencias de repABC se agruparon 
en un grupo monofilético con las de pBTAi1 y separadas  de los rizobios de crecimiento rápido. 
 

Finalmente, se identificaron sistemas de secreción de proteínas de tipo III (T3SS) en 
nueve genomas de cepas de Lmj. Los T3SS pueden inyectar proteínas efectoras al interior de 
células vegetales. Su presencia en rizobios se ha relacionado con la gama de hospedador que 
pueden nodular y puede tener un efecto beneficioso, neutro o perjudicial en la simbiosis. Los 
T3SS de las cepas de Lmj codifican para una proteína efectora similar a NopE, un efector 
dependiente de T3SS descrito en B. diazoefficiens USDA 110T. La proteína NopE de la cepa 
LmjC se ha caracterizado bioquímicamente. 
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Abbreviations and acronyms. 

A260/ A280 Ratio of protein contamination  
alt. Alternative 
Ac. Acacia 
Aes. Aeschynomene 
AG Arabinose-gluconate medium 
ANI Average nucleotide identity 
ANIb ANI calculated using BLAST 
ANIm ANI calculated using MUMmer 
AMOS A Modular, Open-Source whole genome assembler 
B. Bradyrhizobium 
Be. Beta 
BM Basal medium 
BNF Biological Nitrogen Fixation 
bp Base pairs 
C. Cytisus 
ºC Centigrade 
ca. circa 
Ca Calcium 
CBS Center for Biological Sequence Analysis 
Cen. Centrolobium 
Ch. Chamaecytisus 
cfu Colony former units 
cm Centimeters 
CSPD Disodium 3-(4-methoxyspiro {1,2-dioxetane-3,2'-(5'-chloro)tricyclo 

[3.3.1.13,7]decan}-4-yl)phenyl phosphate 
DNA Deoxyribonucleic acid 
dNTPs Deoxyribonucleotide triphosphates 
Dr. Doctor 
E. Ensifer 
EDTA Ethylenediaminetetraacetic acid 
En. Entada 
Ery. Erythrophleum 
ETS External transcribed spacer 
FAO Food and Agricultural Organization 
Fe Iron 
Fig. Figure 
g Grams 
G. Glycine 
GlcNAC N-Acetylglucosamine 
h Diversity index 
h Hour 
ha Hectares 
IFA International Fertilizer Industry Association 
IFAPA Instituto de Investigación y Formación Agraria y Pesquera 
ISLU Isolate from Lupines 
ITS Internal transcribed spacer 
K Potassium 
kb kilobase 
km2 Square meters 
Kmr Kanamycin resistance  
kg Kilogram 
l Liters 
L. Lupinus 
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La. Lablab 
Lan L. angustifolius 
LB Luria-Bertani broth 
Lco L. cosentinii 
LEGCYC1A CYCLOIDEA-like gene (gene that controls floral symmetry) 
Llu L. luteus 
Lmic L. micranthus 
Lmj Lupinus mariae-josephae 
m Meters 
M. Medicago 
Ma Macroptillium 
MALDI-TOF MS Matrix-Assisted Laser Desorption/Ionization – Time-Of-Flight mass 

spectrometry 
Mat M. atropurpureum 
Mb megabases 
MB Malonate broth 
Mg Magnesium 
min Minutes 
MIIA Metal iron inducible autocleavage 
MIDI Microbial IDentification Inc 
MEGA Molecular Evolutionary Genetics Analysis  
MLSA multilocus sequence analysis 
ml Milliliters 
ML Maximum likelihood 
mM MilliMolar 
Mn Manganese 
Mt Metric tons 
N Nitrogen 
N2 Nitrogen gas 
NaCl Sodium Cloride 
NaOH Sodium hydroxide 
NCBI National Center for Biotechnology Information 
NJ Neighbor joining 
NO3 Nitrate 
N2O Nitrous oxide 
NH4 Ammonium 
nod nodulation 
nom. Nomenclature 
nop Nodulation outher protein 
O.  ornithopus 
OD Optica density 
P Phosphorus  
P. Pisum 
Pa. Pachyrhizus 
PCR Polymerase chain reaction 
Pfu Pyrococcus furiosus 
PFGE-CHEF Pulsed Field Gel Electrophoresis – clamped homogeneous electric 

fields  
Ph. Phaseolus 
R. Rhizobium 
Rmin Rhizobial minimal medium 
rRNA Ribosomal ribonucleic acid  
S. Sinorhizobium 
SDS Sodium dodecyl sulfate 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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SILVA From Latin silva, forest 
SINA SILVA INcremental Aligner 
Smr Spectinomycin resistance 
SOB Super optimal broth 
spp. Species pluralis (plural) 
sp. Species (single) 
Spr Spectinomicine resistance 
SPAdes St. Petersburg genome assembler 
TAE Tris base, acetic acid and EDTA. 
TBE Tris base, Boric Acid and EDTA 
TKE Tris base, Potassium and EDTA 
TY Tryptone-yeat extract 
µg Micro grams 
UPGMA Unweighted Pair Group Method with Arithmetic Mean 
USDA United States Drugs and Agricultural office 
V Voltios 
v Volume 
w Weight 
YNB Yeast nitrogen Base 
YM Yeast mannitol medium 
YMB Yeast mannitol broth 
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I.1. Relevance of biological nitrogen fixation. 

 

Nitrogen (N) is a key element in the agricultural development. However, although it is the 

most plentiful element in the earth’s atmosphere, yet in its molecular form (N2), it is unusable 

by the vast majority of living organisms. It must be transformed, or fixed, into other forms, 

collectively known as reactive nitrogen such the assailable compounds NO3
- or NH4

+, before 

most plants and animals can use it. Without an adequate supply of nitrogen, crops do not thrive 

and fail to reach their maximum production potential. In many ecosystems, nitrogen is the 

limiting element for growth. However, when present in excess, reactive nitrogen causes a range 

of negative environmental effects, poses risks to human health and consequently can have 

negative economic and social consequences.  

In order to reach a maximum crop productivity, the agricultural farming systems require the 

addition of chemical nitrogen fertilizers, particularly in poor N-content soils and when crop 

plants such as cereals, have not alternative ways to achieve it. Assimilable forms of N are 

mainly is mainly obtained from industrial chemical conversion Of N2 into ammonia using the 

Haber-Bosch process. This process requires high temperatures, high pressures and is highly 

energy-demanding, consuming ca. 2% of world energy (IFA statistics).  

 

As aforementioned, the constant increase of the amount of N2 fertilizer in the soils 

employed with agricultural purposes in the world have a notably and direct effect in the 

environment. In a scenario with a excessive use of chemical fertilizers (over than 130 Mt per 

year), the low efficiency in fertilization process due to losses of fertilizers through lixiviation to 

water courses and denitrification processes, contribute to increase the environmental cost 

(Peoples et al., 2009, Canfield et al., 2010). This contamination has high economic and 

environmental costs, and negative consequences on the nitrogen cycle. In this regard, it stand up 

the  growing amount of N2O, to which the microbial nitrification and denitrification processes in 

managed and natural soils are contributing  approximately with  70 per cent of global N2O 

emissions (Syakila and Kroeze, 2011; Braker and Conrad, 2011). Besides, N2O is involved in 

greenhouse effect and its consequences. Thus, the development of ecofriendly and cost-effective 

agricultural practices are a major concern, where the reduction of nitrogen fertilizers and 

simultaneously maintaining crop production, is a desirable and necessary option. Nowadays 

there is a renewed interest in organisms capable of carryng out nitrogen fixation and have a 

major role in the accumulation of nitrogen in microbial biomass and soil organic matter. In in 

this global ecological and economical context that the biological nitrogen fixation (BNF) can 

help to reduce the problems associated with the “synthetic” nitrogen contribution. The BNF, a 

complex process, carried out exclusively by prokaryotic microorganisms (Bacteria and 
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Archaea), allows the conversion of atmospheric N2 into ammonia by the enzyme nitrogenase. 

Biologically fixed nitrogen is used directly by the plant, and therefore it is less susceptible to 

losses by immobilization, denitrification, volatilization or leaching (Nielsen, 2006). From an 

agricultural point of view, the most relevant BNF system is when nitrogen is fixed 

symbiotically by the association between legumes and bacteria belonging to Rhizobium group, 

which supplies worldwide 45 Mt of nitrogen to the agricultural lands (Oldroyd and Dixon, 

2014; Curatti and Rubio, 2014; Geddes et al., 2015).  

 

I.2. Establishment of the Rhizobium-legume symbiosis. 

 

Rhizobia are Gram-negative soil and aquatic bacteria able to establish nitrogen-fixing 

symbiotic interaction with legume plants, Fabaceae family, under conditions of nitrogen 

starvation (Rivas et al., 2002; van Berkum and Eardly, 2002). 

The biological nitrogen fixing (BNF) process occurs inside of structures called nodules, a 

novel plant organ developing usually on the root of the legume plants or on stems in some cases 

(Loureiro et al., 1995).  In the nodule structure, there is an exchange of photosynthetic products 

of the plant and fixed nitrogen produced by the bacteria differentiated in cell-forms known as 

bacteroids. The bacteroid activity reduce the atmospheric nitrogen gas (N2) into ammonia, 

providing the nitrogen that, metabolized by the host plant, supports plant growth. 

 

Development of nitrogen-fixing nodules is a complex process that generally starts with a 

specific exchange of signal compounds between the plant roots and the nitrogen-fixing bacteria. 

Rhizobial infection can occur besides through root hairs, through cracks in the epidermis or by 

interstitial infections between epidermal cells (Gage, 2004). In most cases host specificity and 

nodule initiation is a multi-components process, which in the early steps of the process depends 

essentially on phenolic compounds such as the flavonoids secreted by the host plant into the 

rhizosphere and further diffusion across the bacterial membrane (Downie, 2010). Flavonoids are 

recognized and bound by NodD, a bacterial transcriptional factor that activates the promoters of 

the rhizobial nod genes, which expression initiate the production of Nod factors (lipochitin-

oligosaccharide molecules). Specifically, Nod factors consist in an oligomeric backbone of 

β-1,4-linked N-acetyl-D-glucosaminyl (3-5) residues, N-acylated at the nonreducing terminal 

residue by a fatty acid (Fig. I.1, Kamst et al., 1998). Quantitative and qualitative aspects of Nod 

factor population are strain specific. Differences can be found in the number of GlcNAc 

residues in the oligomeric backbone, in the nature of the fatty acyl group, and in the residues 

substituents (decorations). Mainly nod, nol and noe genes encode synthesis of Nod factors. 
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 Figure I.1. General structure of Nod factor produced by rhizobia.  

 

Nod factors are essential bacterial determinants for specificity of symbiotic process. Nod 

factors activate a signal transduction pathway in the host root (Long, 2001), inducing 

biochemical and morphological changes that result in the development of nodules (Oldroyd and 

Downie, 2008). In the first step, root hairs curl and trap the rhizobia, which then enter the root 

hair through infection threads that are formed by the plant. Generally, the infection process is 

one-bacteria process, but some studies show that two infection threads can invade a nodule, and 

this can result in the mixed infection of a nodule (Moawad and Schmidt, 1987). The infection 

threads grow into the developing nodule tissue transporting the bacteria to the nodule 

primordium. The storage of bacteria into plant cells is initiated by the formation of an infection 

droplet that is formed at the tip of infection threads. The plant cell membrane then outgrows and 

bacteria are taken up into the plant cell lumen by endocytosis (Prell and Poole, 2006). The 

organelle-like structures that are released into the cytoplasm, called symbiosomes, are 

composed of the nitrogen-fixing bacteroids, the peribacteroid space and the enveloping 

peribacteroid membrane of plant origin. Classically, two different types of nodules, namely 

determinate and indeterminate, can be formed. In determinate nodules such as those observed in 

Lotus japonicum, Glycine max and Phaseolus vulgaris, the meristem functions until the 

formation of the nodule primordium. In these nodules, individual symbiosomes fuse and/or 

bacteroids further divide within the symbiosome, which results in symbiosomes that contain 

several bacteroids. These bacteroids are similar in size and morphology to free-living cells. In 

contrast, in indeterminate nodules, as those from Medicago sativa, Pisum sativum or Vicia 

sativa, an active meristem persists and individual symbiosomes further divide, together with the 

bacteroid, resulting in single bacteroid within a symbiosome. These bacteroids are strongly 

elongated and most of them branched as well. The new generations of cells are produced in a 

developmental gradient and these nodules are composed of different zones: the apical meristem 

(zone I), the invasion zone (zone II), the interzone II-III, the nitrogen-fixing zone (zone III), and 

the senescence zone (zone IV) in older nodules. The majority of nodulating legumes have 
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indeterminate nodules (Sprent, 2008) In addition at this “classic” types of nodules, a third type 

exist; the lupinoid nodule (González-Sama et al., 2004). Other particularly types of nodules 

with mixed characteristics of the two former types exists as a lupinoil nodules. 

 

     Finally in mature nodules, the bacteroids synthesize nitrogenase and other essential proteins, 

required for nitrogen fixation process when the bacteria-legume symbiosis fixes more nitrogen 

than that the plant can use, the excess of nitrogen is left in the rhizosphere, increasing the 

nutrient content of the soil. This characteristic is the base of the (legume) intercropping 

technique, an ecological/economical sustainable agricultural practice, which allows decrease the 

quantity of applied fertilizer.  

 

I.3. Fabaceae. 

 

The Fabaceae or Leguminosae, commonly known as the legume family, includes protein-

rich plants, generally cultivated as crop plants for protein source. The name 'Fabaceae' comes 

from the old genus Faba, now included in Vicia. The term "faba" in Latin means 

bean. Leguminosae is an older name considered valid (Leguminosae (nom. alt.: 

Fabaceae; type: Faba Mill. [= Vicia L.] according with the International Association for Plant 

Taxonomy), and refers to the fruit of these plants, named  legumes. This family of plants is a 

large and economically important group that includes from trees to small herbaceous plants, 

through shrubs, and is widely distributed. Fabaceae is the third-largest plant family in terms of 

number of species, with approximately 750 genera and over 18,860 species (Olmstead, 2002). 

The family is subdivided in three subfamilies: Faboideae (Astragalus, Lupinus, etc.) 80%, most 

legumes of agronomic interest, Mimosoideae (Mimosa, Acacia, etc.) and Caesalpinioideae 

(Caesalpinia, Senna, Bauhinia, Amherstia, etc.). 

 

In a global context, legumes crops grow on approximately 250 million ha. Their 

importance, in terms of both grain and forage, is highlighted by the fact that this corresponds to 

12-15% of the arable land and that they contribute one-third of the protein needs of humanity 

under minimal subsistence conditions (Graham and Vance, 2003). It is estimated that worldwide 

legume crops require about 100 million tons of nitrogen (total nutrient, data FAOstat, 2009), 

almost half of all the nitrogen used in agriculture (44-66 million tons of nitrogen) and it may be 

obtained from biological nitrogen fixation (BNF). Thus, nitrogen-fixing bacteria associated with 

legumes have the potential to contribute greatly to the development of agricultural practices that 

respect the environment and are more economically viable, especially in countries without the 

capacity to produce or obtain chemical nitrogen for the agricultural fertilization. 
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I.4. Lupines. 

 

Inside of the subfamily Faboideae we can found the genus Lupinus (altramuces or 

chochos in Spanish), an isolated lineage of legumes within the Genisteae tribe. The genus 

Lupinus comprises ca. 280 species of annual herbs and perennial herbaceous and woody shrubs, 

and some species are cultivated as green manure and pulse crops. These plants grow in a wide 

range of ecological conditions; generally, they thrive in nutrient-poor acid soils and arid 

climates, where cultivation of more demanding crops is problematic. This ability has promoted 

its cultivation as green manure and pulse crop since antiquity (Gladstones, 1984, 1988).  

 

In the agronomical context, Lupinus albus represent a mainly crop for use in sustainable 

and environment friendly agriculture because of its high potential for biological nitrogen 

fixation, which may contribute 150 – 200 kg N/ha for use by the succeeding crops (Van Santen 

et al., 1994), and for its potential in providing nutritious food and feed (32-38% protein). The 

nitrogen-fixation potential of lupine makes it suited ideally to low-input agriculture because 

mineral nitrogen fertilizer may not be needed for crop production. Lupine, being a legume, 

benefits potentially from a nitrogen-fixing symbiosis with soil bacteria. These soil bacteria 

associated to lupines belong usually to the genus Bradyrhizobium (Barrera et al., 1997). 

 

Approximately 90% of Lupinus species are distributed in America, with two main centers 

of species diversity, one in the Western America (ca. 225 largely mountain species) and the 

other in the Eastern America (ca. 35 largely lowland species). While only a few (15 species) are 

native of Europe, mainly, in areas surrounding the Mediterranean Basin and North Africa 

(Gladstones, 1974, 1984; Ainouche and Bayer, 1999). Lupinus is well known as a complex and 

taxonomically difficult genus. Based on broad systematics and evolution studies, Lupinus 

appears as a strongly supported genus within the Genisteae tribe and its members are distributed 

in six solid clades four of them corresponding to European species (Fig. I.2) (Ainouche and 

Bayer, 1999; Ainouche et al., 2004; Hughes and Eastwood, 2006; Estwood and Drummond, 

2008; Mahé et al., 2011). The majority of Lupinus spp. is distributed in America.  
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Figure I.2. Variable phylogenetic placement of Lupines spp. according to the analyzed nuclear DNA region. 
The phylogenetic trees presented were obtained through maximum likelihood, with 1,000 non-parametric bootstrap 
replicates. Chromosome numbers follow taxon names. The tree is generated from a combination of nrRNA data (ITS 
and ETS) for 18 lupines and 2 other genistoids (Mahé et al., 2011).  
 

 

I.4.1. Iberian lupines. 

 

          Lupines of the Iberian Peninsula, L. angustifolius, L. luteus, L. cosentini, L. hispanicus, L. 

micranthus and Lupinus mariae-josephae (Fig. I.3), are distributed in three clades. The first 

Clade corresponding to smooth-seeded Mediterranean legumes contains five Lupinus spp. 

growing in the Iberian Peninsula: the yellow lupine L. luteus, the narrow-leaf lupine L. 

angustifolius, the blue lupine L. cosentini, L. hispanicus, (L gredensis: L. hispanicus subsp. 

bicolor) and L. micranthus.  The second Clade, named rough-seed Affric lupines, includes  L. 

cosentinii, the blue lupine. The above mentioned lupine species grow mainly in acid or neutral 

soils (pH 5.0-7.0) where the agriculturally important species (L. luteus and L. angustifolius) are 

cultivated as forage (Gladstones et al., 1974; Castroviejo and Pascual, 1999; Talavera and 

Salgueiro, 1999). The third Clade contains only Lupinus mariae-josephae (Lmj) (Fig I.2), a 

species with intermediate seed coated structure that will be described next. 
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Figure I.3. Lupinus species native of Spain area.  

 

I.4.2. Lupinus mariae-josephae. 

 

Lupinus mariae-josephae (Lmj) is a new lupine species based on botanical characteristics 

(Pascual 2004). It was originally obtained from seeds collected in the 1970´s. The species was 

considered extinct until 2004 when a patch of plants was found in Montserrat de Alcalá, Els 

Castellars (Valencia). Later on, Lmj plants were found in other three geographical locations 

(Llombai, Gandía, and Xativa) that will be described elsewhere, all of then in Valencia 

province, Eastern Spain (Fos et al., 2006; Navarro and Fos, 2006). The new lupin species is 

singularly thriving in alkaline soils with high pH (>8.0) and Ca+2 content, known as “terra 

rossa” soils (Fig. I.4).  

Since Lmj species has only be found in the Valencia region and nowhere else in the 

world, its ecological state defines an endemism.  The Lmj endemism covers an area of about 

700 km2 (70.000 ha) at an altitude of ca. 200-400 m above sea level. In this area Lmj plants 

grow only in a small number of reduced-surface spots in the four geographical locations 

identified. Each of the spots contains small populations of several hundreds to thousands of 
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plants in years with favorable climate conditions (Fos et al., 2006; Navarro and Fos, 2006).  

 

 
Figure I.4. Lmj plants in his natural habitat. 

 

A taxonomic study of Lmj species, using ITS and ETS phylogenies, established that Lmj 

represents a distinct evolutionary line among the European lineages (Mahe et al., 2011). 

However, when other markers such as the LEGCYC1A locus were used, it was clear that the Lmj 

taxonomic position is still poorly resolved  

 

The ability of lupines to establish a symbiosis with rhizobia and effectively fix nitrogen in 

root nodules allows these plants to thrive in nutrient-poor soils. Research studies directed to 

characterize the endosymbiotic bacteria of lupines have focused on nodule isolates from native 

European lupines growing in Mediterranean area (Jarabo-Lorenzo et al., 2003; Stepkowski et 

al., 2003, 2005, 2011), on American species (Stepkowski et al., 2007; Tang and Thompson, 

1996; Barrera et al., 1997) or on lupines from Africa continental areas (Strijdom et al., 1998). 

Most endosymbiotic bacteria isolated so far from Lupinus in Europe, Australia and Africa are 

placed in the B. japonicum or in the B. canariense lineages, and are intermingled with isolates 

from other Genisteae legumes and from Ornithopus spp. (Jarabo-Lorenzo et al., 2003; 

Stepkowski et al., 2005; Vinuesa et al., 2005a; Stepkowski et al., 2007; Velazquez et al., 2010), 

whereas Lupinus spp. from America are mostly nodulated by strains of B. japonicum and by 

certain strains grouped with B. elkanii (Stepkowski  et al., 2007; Jarabo-Lorenzo et al., 2003; 

Barrera et al., 1997). 

I.5. Bradyrhizobium. 

 

Legume root symbiotic bacteria, collectively known as rhizobia, were first described by 

Beijerinck in 1888, and isolated from the root nodules of many and diverse legumes around the 

world. The rhizobia are phylogenetically diverse and belong to " and ß proteobacteria (Fig I.5). 
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Bradyrhizobium is currently a genus with different species. One of the first Bradyrhizobium 

strains known was used to inoculate soybean culture in USA, then named Rhizobium japonicum 

(Jordan, 1982). Bradyrhizobium spp. are quite different to other rhizobia: grew slowly, were 

larger, with a big chromosome, and did not acidify sugar-containing media. Similar bacteria 

were later isolated from other legumes, such as lupines, cowpeas, and many tropical trees and 

shrubs. Despite the large diversity of Bradyrhizobium spp., most studies have been performed 

on B. japonicum strains, because of the importance of soybean as a crop. 

 

 
Figure I.5. Phylogenetic tree of 16S rRNA sequences from selected !-, "- and #-proteobacteria. Genera in bold 
font contain rhizobia Bradyrhizobium (Masson-Boivon et al., 2009). 
 

I.5.1. Taxonomy. 

 

The genus Bradyrhizobium is a group of bacteria characterized by a slow growth rate 

(Brady prefix means slow) and by an alkaline reaction in culture media containing mannitol as 

the carbon source (Jordan, 1982). According to 16S rRNA gene sequences the genus 

Bradyrhizobium corresponds to a monophyletic group within the "-proteobacteria (Fig. I.5) and 

it is related to Methylobacterium and Azorhizobium genera. The Bradyrhizobium genus includes 

other bacteria capable of living in symbiotic and endophytic associations with legumes and 

nonlegumes, and possesses a physiological and symbiotic versatility and a broad geographical 

distribution, from oligotrophic soil to aquatic bacteria (Sawada et al., 2003). Symbiotic has been 

strains isolated from nodules of herbaceous and woody legume species of tropical and 

temperate origin and aquatic legumes such as Aeschynomene species (van Berkum and Eardly, 

2002) some are photosynthetic Bradyrhizobium bacteria (BTAi1 strain) (Giraud and 



Introduction. 
 

 
  

12 

Fleischman, 2004) and the nonlegume Parasponia andersonii (Trinick, 1989). In addition, 

Bradyrhizobium strains have been found as endophytic bacteria related to B. elkanii from wild 

and modern rice (Oryza sativa L.) (Tan et al., 2001). 

 

The slow growth and phylogenetic closeness among Bradyrhizobium species make their 

classifications difficult. In the last few years using new techniques to determinate phenotypic 

characteristics, MALDI-TOF MS (Sánchez-Juanes et al., 2013) and a broad range of 

genotyping methods and multiple genetic markers favor that the number of Bradyrhizobium 

spp. are increasing, from 3 species described in 2000 to more than 30 in 2015 (12 new species 

in the last 3 years), genetic diversity has been determinate among strains (Vinuesa et al., 2005a; 

Menna et al., 2009). Despite this noteworthy diversity and worldwide distribution, 26 

Bradyrhizobium species have been validly defined until now (Table I.1), according with 

taxonomy committee, with a highly increase the last years.  

 

Table I.1. Validated species of the genus Bradyrhizobium. 

Species Hosts References 
B. betae ** Beta vulgaris Rivas et al., 2004 
B. canariense Chamaecytisus, Lupinus Vinuesa et al., 2005b 
B. cytisi Cytisus villosus Chahboune et al., 2011 
B. daqingense Glycine max Wang et al., 2013 
B. denitrificans Aeschynomene indica van Berkum et al., 2006 
B. diazoefficiens Glycine max Delamuta et al., 2013 
B. elkanii Glycine max Kuykendall et al., 1992 
B. erythrophlei 

 

Ery. Fordii Yao et al., 2015 
B. ferriligni Ery. Fordii Yao et al., 2015 
B. ganzhouense Acacia melanoxylon Lu et al., 2014 
B. huanghuaihaiense   Glycine max Zhang et al., 2011 
B. icense Ph. lunatus Durán et al., 2014 
B. ingae** Inga laurina da Silva et al., 2014 
B. iriomotense En. koshunensis, Ma. Atropurpureum  

atropurpureummAtropurpureum 
Islam et al., 2008 

B. japonicum Glycine max Jordan 1982 
B. jicamae Pachyrhizus erosus, Lespedeza spp. Ramirez-Bahena et al., 2009 
B. lablabi Lablab purpureus, Arachis hypogaea Chang et al., 2011 
B. liaoningense Glycine max Xu et al., 1995 
B. lupini L. angustifolius Peix et al., 2015 
B. manausense Vigna unguiculata Silva et al., 2014 
B. neotropicale Cen. Paraense Zilli et al., 2014 
B. oligotrophicum Aeschynomene indica Ramirez-Bahena et al., 2013 
B. ottawaense Glycine max Yu et al., 2014 
B. pachyrhizi Pachyrhizus erosus Ramirez-Bahena et al., 2009 
B. paxllaeri Ph. lunatus Durán et al., 2014 
B. yuanmingense Lespedeza spp. Yao et al., 2002 
** tumors-like 
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Out of these, the majority of the species defined (7) are soybean symbionts (B. 

daqingense, B. diazoefficiens, B. elkanii, B. huanghuaihainense, B. japonicum (the type species 

of the genus Bradyrhizobium), B. liaoningense and B. ottawaense, one nodulates Lespedeza 

cuneata (B. yuanmingense) and two nodulate shrubs of the tribe Genisteae (B. canariense and 

B. cytisi). B. betae is a tumor-like (Rivas et al., 2004) like B. ingae, while two species that 

nodulate Pachyrhizus erosus (B. pachyrhizi and B. jicamae; Ramirez-Bahena et al., 2009) and 

another one that nodulates Lablab purpureus (Chang et al., 2011) have been described recently. 

 

Some of the new Bradyrhizobium species come from the reclassification of ancient 

strains; B. japonicum USDA 110T (the type strain of the genus) reclassified as B. diazoefficiens 

(Delamuta et al., 2013), B. denitrificans, novel species, proposed by van Berkum et al (2006) as 

a result of the reclassification of Blastobacter denitrificans, also it has already been validated 

the reclassification of Agromonas oligotrophica into the genus Bradyrhizobium as 

Bradyrhizobium oligotrophicum comb. nov. Apparently, species definition in this genus is 

limited by the low diversity of their 16S rRNA gene sequences (Willems et al., 2001). In 

addition to this validated other 4 species of Bradyrhizobium can be found in the literature: ‘B. 

retamae’ (Guerrouj et al., 2013) that nodulate Retama sphaerocarpa and R. monosperma, ‘B. 

valentinum’ (Durán et al., 2014) that nodulate Lmj, ‘B. arachidis’ (Wang et al., 2013) that 

nodulate Lablab Purpureus and Arachis hypogea and ‘B. rifense’ (Chahboune et al., 2012) 

isolated from Cytisus villosus. Additionally, the photosynthetic bradyrhizobia and two other 

evolutionary lineages, labeled as genospecies alpha and beta, represent unnamed species that 

may include a greater number of bradyrhizobia isolates that have not been classified yet 

(Vinuesa et al., 2008).  

 

Currently the definition of a new species is based on phenotypic and genetic 

characteristics, an the DNA-DNA hybridization comparison test is a central element in order to 

define a novel species (Wayne et al., 1987; Tindall et al., 2010); but in the last years, an 

increasing number of arguments and examples have been raised against its use (Coenye et al., 

2005; Auch et al., 2010). Besides the sequence analysis of 16S rRNA genes and his limiting 

resolution (Rajendhran and Gunasekaran, 2011), other genetic markers have frequently been 

used (and are necessary) for the correct taxonomy of legume endosymbionts. Among them, a 

multilocus sequence analysis (MLSA), based on the sequences of several conserved 

housekeeping genes, atpD, dnaK, glnII, recA and/or rpoB, has been shown to be a powerful 

method to improve phylogenetic analysis, and an effective tool for identification and taxonomic 

classification of Bradyrhizobium strains (Cooper and Fell 2004, Moulin et al., 2004; Vinuesa et 

al., 2005a, Menna et al., 2009; Stepkowski et al., 2011). However, the number and nature of 
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housekeeping genes examined limit the possibilities of multilocus sequence analysis for species 

delineation and, at present, it cannot replace DNA-DNA hybridization. Instead, a procedure 

based on the analysis of partial genome sequences (Richter and Roselló-Mora, 2009) has been 

suggested and validated. Also recently, other genomic approaches have been developed to 

define and understand the involvement of whole bacterial genomes in the symbiotic process 

(Coenye et al., 2005; MacLean et al., 2007).  

 

According with the phylogenetic analyze; single and concatenated genetic markers (16S 

rRNA, ITS, or MLSA), two clades inside of the Bradyrhizobium genus have been repeatedly 

identified and define among different collections of strains (Kwon et al., 2005; Menna et al., 

2009). In the case of 16S rRNA gene sequences, all the species (validated or not) of the genus 

Bradyrhizobium are separated, with bootstrap support of 100%, in two distinct groups (Fig. I.6). 

Clade I include B. japonicum, while strains from the clade II are related to Bradyrhizobium 

elkanii USDA 76T. Except for B. elkanii, all species within Group II have been described quite 

recently.  

 

Symbiotic genes (nitrogen fixation and nodulation genes) have also been used as a tool 

for Bradyrhizobium strain classification, but not for the species delineation. Nodulation genes, 

particularly, constitute a unique component in the genome of rhizobia and there are no 

homologues present, or only distant counterparts, in other organisms. In the case of 

Bradyrhizobium strains distinct clades or groups could be differentiated using the nodA and/or 

nodC genes (Moulin et al., 2004; Stepkowski et al., 2007). Unlike that observed with the 

housekeeping genes, phylogenies based on symbiotic genes (nod, fix and nif genes) display a 

remarkably lower diversity for Bradyrhizobium strains, and this dissimilarity between 

nodulation and housekeeping gene trees supports the theory of multiple lateral gene transfers 

(Stepkowski et al., 2003; Moulin et al., 2004; Vinuesa et al., 2005a, 2005b; Parker et al., 2006; 

Menna and Hungria, 2011).  

 

The relationship between symbiotic genes and core gene diversity in Bradyrhizobium has 

recently been documented (Parker, 2012). The available evidence suggests that, although the 

spread and maintenance of nodulation genes within the Bradyrhizobium genus occurred through 

vertical transmission, lateral gene transfer between diverse taxa of Bradyrhizobium has also 

played a significant role. These lateral transfer events may as well have affected the evolution of 

symbiotic genes by altering genealogical relationships of different portions of the genome 

(Moulin et al., 2004; Sachs et al., 2011; Rogel et al., 2011). 
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Figure I.6. Neighbor-Joining (NJ) phylogenetic tree of 16S rRNA genes from type strains. Strains of validated 
Bradyrhizobium species showing the existence of two distinct groups. Bootstrap confidence levels (%) are indicated 
at the internodes. 
 

Consequently, the definition of any new species of Bradyrhizobium, currently involves 

the identification of its legume hosts by means of cross-inoculation experiments, since the same 

host can be nodulated by strains from clearly distinct branches of the nonsymbiotic 

phylogenetic gene trees. The term symbiovar has been defined (Rogel et al., 2011), based on 

symbiotic capabilities and supported by symbiotic gene sequence information. In Bradyrhizobia 

genus three symbiovar have been described. Symbiovar was found in B. canariense and B. 

japonicum strains able to nodulate plants of the Genistoideae tribe. Symbiovar genistea 

correspond to B. japonicum and B liaoningense strains nodulating Soybean. Symbiovar 
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“retamae” has been recently proposed (Guerrouj et al., 2013) for strain that mainly include 

strain nodulate Retama spp. It is assumed that symbiotic island could be exchanged among 

bradyrhizobia as it happens in Mesorhizobium strains (6869). 

 

The existence of populations of nonsymbiotic rhizobia in the soil, that can freely acquire 

and transfer symbiotic genes (Sullivan et al., 1995) it has been recently substantiated in 

bradyrhizobia by the isolation and genomic characterization of the nonsymbiotic ancestral 

Bradyrhizobium sp. S23321 (Okubo et al., 2012). The scientific literature is rich in publications 

documenting the ability of bradyrhizobia to cope with stresses in the soil (metals, extreme pH, 

antibiotics), and to degrade recalcitrant organic compounds. Additionally Photosynthetic 

bradyrhizobia have been isolated from the stem nodules of different Aeschynomene species 

(Evans et al., 1990; Molouba et al., 1999) and the role of their photosynthetic apparatus in 

symbiosis, demonstrated (Giraud et al., 2000) 

 

Bradyrhizobia were first recognized as nitrogen-fixing root-nodule legume symbionts, 

and the genetic and developmental determinants for the establishment and maintenance of 

symbiosis have been thoroughly characterized, especially in the model B. japonicum - soybean 

symbiosis. However, bradyrhizobia establish symbioses with a very wide variety of legume 

plants, many of which have been poorly studied. This is, in turn, reflected by the large variety of 

Nod factors they form and of nodule types they induce. The diversity of Nod factor populations 

produced by some bradyrhizobial strains has been described by D’Haeze and Holsters (2002). 

An extensive study performed on soybean with natural and synthetic Bradyrhizobium Nod 

factors showed that a methyl fucosyl group at the reducing-terminal residue is required for 

nodulation, but the location of the double bond in the fatty acid is not critical (Stokkermans et 

al., 1995). 

 

Most bradyrhizobia contain nod genes; however in 2007, several strains of photosyntetic 

bradyrhizobia isolated from stem nodules of two Aeschynomene species, A. sensitiva and A. 

indica in Africa and North America respectively, were described as lacking nod genes (Giraud 

et al., 2007). Nod factor–independent infection is intercellular and proceeds by crack entry, 

unlike infection threads generated by rhizobia Nod factor producers (Madsen et al., 2010). 

 

I.5.2 Genomics and Genetics. 

 

The availability of genome sequence is a powerful tool, that provide new insights into the 

determination of the genetic features contributing to essential and relevant processes such as 
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how bacteria adapt to the rhizosphere or what are the elements involved, and how they establish 

the symbiotic interaction with the host. According with the new technologies available that 

allow a constant decrease in the cost, more and more genome sequences of bacteria from the 

genus Bradyrhizobium are available in public databases, mainly strains belong to B. japonicum 

and B. elkanii species group. To date, the full or high-quality draft genome sequence of eight 

bradyrhizobia (symbiotic and photosyntetic isolates), have been determined and the main 

features of the six complete available genomes are listed in the Table I.2, Bradyrhizobium 

japonicum is the most agriculturally important rhizobial species described in the last years 

because his role in Glycine max crops. B. japonicum (now B. diazoefficiens) USDA 110T was 

the first Bradyrhizobium to be completely sequenced (Kaneko et al., 2002). It is presents one of 

the largest bacterial genomes, that contains 8,317 potential protein-coding genes in a single 

chromosome, additionally, the genome of B. japonicum strain USDA 6T has also been 

sequenced. As this is the representative strain of the genus Bradyrhizobium, the analysis of this 

genome is an essential key for genus definition.  

 

At the genomic level, symbiotic bradyrhizobia sequenced at the date have two 

remarkably characteristics: contain a very large number of genes (a common feature of soil 

bacteria) encoded in a single large molecule (around 9.0 Mb), although plasmids can be present 

in some of them (B. sp BTAi-1, a photosynthetic Bradyrhizobium) and in addition recognizable 

chromosomal islands are present in the genomic sequence. It is possible that the single large 

chromosome imposes a burden on the replication machinery, and that it is reason for the 

observed longer generation times in these bacteria in comparison with bacteria with a multiple 

replicons (Egan and Waldor, 2003; Zakrzewska-Czerwińska et al., 2007). The genomic 

organization of the Bradyrhizobia contrasts with others rhizobia, such as Rhizobium genera 

bacteria, that have the common characteristics of posses a genome in different molecules; 

chromosome, plasmids and chromids (Harrison et al., 2010). A small chromosome and the 

presence of additional origins of replication should allow faster replication and reduced 

generation times in the case of the “fast” rhizobia. In addition, the presence a new set of 

“advantageous” genes in plasmids, multipartite genomes may enhance the bacterium’s 

metabolic or symbiotic capabilities. Moreover keeping essential genes in a single molecule 

provides a measure of genomic stability that may be advantageous in complex environments. 

The presence and role of accessory plasmids in Bradyrhizobium has been poorly documented; 

(Cytryn et al., 2008) carried out a screening by PFGE-CHEF of 46 Bradyrhizobium strains from 

different geographic locations. Only eleven strains harbored plasmids of varying sizes; five 

belonging to B. japonicum and six to B. elkanii. 
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Two photosynthetic bradyrhizobia genomes have been completely sequenced; strains 

ORS278 and BTAi1 (Girard et al., 2007). Photosynthetic bradyrhizobia can be isolated from 

nodules that develop in the stems of different Aeschynomene species. The genomes of strains 

ORS278 (7.5 Mb) and BTAi1 (8.5 Mb) are smaller compared to B. diazoefficiens USDA 110T 

(9.1 Mb) genome. Strain BTAi1 contains his genome in two replicons, one of them is a single 

circular plasmid of 228,826 bp, with a lower G+C content (60.7%) than the chromosome 

(64.9%) (Giraud et al., 2007; Cytryn et al., 2008). This is the only plasmid found so far in 

photosynthetic bradyrhizobia, as a search for plasmids by PFGE and repABC analyses in seven 

additional strains was negative and more deeply studied (Mornico et al., 2012). Recently a 

Bradyrhizobia strain B. sp DOA9, isolated from Aeschynomene Americana, was sequenced and 

its genome compresses a single chromosome of 7.1 Mb and a symbiotic plasmid of 0.7 Mb 

similar to plasmid of BTAi1 strain above mentioned (Okazaki et al., 2015). 

  

    Table I.2. General features of some Bradyrhizobium complete genomes. 
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Genome 
size (bp)  9,105,828 9,207,384 8,264,165 7,456,587 8,493,515 7,231,841 

GC % 64.1 63.7 65.1 65.5 64.9 64.3 
rRNA 
operons  1 2 2 2 2 1 

tRNAs  50 51 51 50 52 45 

coding 
genes  8,317 8,829 7,228 6,752 7,729 6,898 

Plasmid 
(size)  0 0 0 0 1 

(228,826) 0 

Accession 
No. BA000040 AP012206 AP012603 CU234118 CP000494  

CP000495 AP012279 

Reference Kaneko et 
al., 2002 

Kaneko et 
al., 2011 

Takashi et 
al., 2013 

Giraud et 
al., 2007 

Giraud et 
al., 2007 

Okubo et 
al., 2012 

 

Additionally B. sp S23321 genome has been published, a nonsymbiotic, oligotrophic 

bacterium isolated from a paddy field soil in Japan. It has a smaller single circular chromosome 

of the Bradyrhizobium genome available at date (≈7,230 Mb) (Okubo et al., 2012). Although 

phylogenetically close to B. japonicum USDA 110T, comparative analyses suggest that this 

bacterium contains an ancestral-type genome previous to the acquisition of a symbiosis island 
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by horizontal gene transfer. Draft genome sequences of seven new Aeschynomene symbionts 

representing phylogenetically diverse bradyrhizobial strains have also been obtained in a recent 

work (Mornico et al., 2012). Comparative genomics allowed inferring the core, pan- and 

variable genomes of these bradyrhizobia. The core genome was composed of 3,663 genes, of 

which 67% had an annotated function; 9,395 genes were found in the variable genome, 

reflecting a high rate of horizontal gene transfer and a great metabolic versatility among 

bradyrhizobia. Finally, pangenome gene pool estimates increased dramatically with each new 

addition of a bacterial genome. It currently stands at 20,162 for the Bradyrhizobiaceae family, 

and it has not yet reached a plateau (Mornico et al., 2012), reflecting the large genomic diversity 

within this clade.  

A large variation in genome sizes of Bradyrhizobium strains, the presence of numerous 

mobile genetic elements and the low level of synteny reveled the highly plasticity of 

Bradyrhizobial genomes. The ORS278, BTAi1 and USDA 6T genomes contain 21, 29 and 15 

putative horizontally acquired genomic islands; respectively have been identified (Kaneko et al., 

2011), which confer functional advantages in the adaptation of these bacteria to their symbiotic 

or free-living ecological niches (Giraud et al., 2007). In B. diazoefficiens USDA 110T, 60% of 

all transposase genes (100 of 167) are located within the symbiotic island, which represents 

7.5% of the entire genome (Kaneko et al., 2002). When the proteomes of the five complete 

sequenced strains are compared only 63.5% of the gene families present in the proteome of both 

B. japonicum strains shared an identity above 50%, while this value dropped to 59.2% when the 

photosynthetic strains were compared. These are the highest values found in these comparisons, 

given that they decrease to 35-38% when the B. japonicum proteomes are compared to any of 

the photosynthetic ones. Nonsymbiotic Bradyrhizobium strain S23321 is closer to USDA 110T 

and USDA 6T (55-56%) than to ORS278 and BTAi1 strains (40-44%). Such large and 

heterogeneous genomes, characteristic of rhizobia, may, as already pointed out above, reflect 

the necessity for a large inventory of genes to maximize growth and survival in the complex 

environment of the soil, together with the additional genetic requirement imposed by the plant 

host. This is the case of genes involved in: solute uptake, importing and exporting molecules, 

the production of cell-surface polysaccharides, or nitrogen metabolism (Downie and Young, 

2001). 

The need for versatile microorganisms to be able to colonize soil and water, as well as 

plant and animal tissues, and to adapt to a wide-range of environmental conditions determine 

their need for a wide array of transcriptional regulatory systems. Regulatory genes can represent 

up to 8% of the genome, decreasing to about 3% or as low as 1% in specialized pathogens 

(Stover et al., 2000). In B. japonicum (B. diazoefficiens) they make up a substantial fraction of 

the genome, up to 6.8% of the total protein-encoding genes in USDA 110T (Kaneko et al., 2002) 

and up to 5.9% in CPAC15 (Godoy et al., 2008). 
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No endosymbiotic bacteria from Lmj have been previously characterized. The restricted 

geographical location and the adaptation to alkaline soils of this unique Lupinus species 

emphasize the interest in the isolation and identification of its symbiotic bacteria and in the 

possible implication of the symbiosis in the establishment of this lupine endemism. These 

studies, initiated in this thesis and the following objectives were pursued, may answer questions 

on the specificity and relative N2 fixation efficiency of this symbiotic interaction as well as on 

the evolutionary history and adaptation of rhizobia to environmental constraints and to the host 

legume. In this context, special attention has been paid to the comparison of Lmj rhizobia with 

isolates we have obtained from nodules of Lupinus spp. of the Iberian Peninsula, generally 

adapted to acid soils. 
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1. Characterization of endosymbiotic bacteria from the Lupinus mariae-josephae endemic species 
from basic soils of Valencia region, Spain. 
 

2. Investigation of the existence of L. mariae-josephae endosymbiotic bacteria in soils outside of 
the Valencia region endemism.  
 

3. Evaluation of seed inoculation with native endosymbiotic bacteria as a potential strategy for L. 
mariae-josephae conservation. 
 

4. Definition of new species of endosymbiotic bacteria nodulating L. mariae-josephae. 

 

5. Genomic analysis of representative L. mariae-josephae nodulating strains and related species.  
 

6. Genetic and functional analysis of T3SS-dependent effector proteins in L. mariae-josephae 
endosymbiotic bacteria 
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Isolation, diversity and characteristics of nitrogen-fixing symbiotic bacteria of the lupine 
endemism Lupinus mariae-josephae from basic soils of Valencia region. 
 

Lupinus mariae-josephae (Lmj) is a recently described lupine, endemic of an specific and 

small area in Valencia Region (Spain), where it grows in a few defined patches with a small and 

highly variable number of plants each season. The Lmj, contrary to all hitherto described Old- 

and New-World lupines, which are preferentially adapted to acid soils, thrives on alkaline soils 

of the “terra rossa” type. Greenhouse experiments using Lmj trap-plants showed that Lmj could 

establish a root nodule symbiosis with specific rhizobia present in Valencia soils.  

 

Bacterial strains isolated from Lmj nodules have been characterized following 

phylogenetic, phenotypic, molecular and symbiotic approaches. No endosymbiotic bacteria 

from Lmj have been previously characterized. The restricted geographical location and the 

adaptation to alkaline soils of this unique Lupinus species emphasize the interest in the selection 

and identification of its symbiotic bacteria and the implication of the symbiosis in the 

establishment of this lupine endemism. These studies are addressed to answer the question of 

the specificity and relative N2 fixation efficiency of this symbiotic interaction as well as the 

evolutionary history and adaptation of rhizobia to environmental constraints and to the host. 

Special attention has also been paid to compare Lmj rhizobia with bacteria obtained from 

nodules of Lupinus spp. of the Iberian Peninsula, adapted to acid soils 

 

1.1. Isolation of Lupinus mariae-josephae endosymbiotic bacteria from Valencian soil.  

 

1.1.1. Natural habitat of Lmj populations.  
 

The Lmj endemism covers an area of about 700 km2 (70,000 ha) at an altitude of ca. 200–

400 m. Lmj grows in rocky soil, “terra rossa” in the cracks of surrounding marlstone, Lmj plant 

populations develop in discrete spots and has a long and deep root system. All these 

characteristics made problematic the access to nodules and direct isolation of the rhizobia from 

the plant. Instead, Lmj endosymbiotic bacteria could be obtained using “trap plants” and soil 

samples from the four spots where Lmj plants were identified in Valencia province. These spots 

were localized in the geographic areas of Llombai, Monserrat, Xàtiva and Gandía (Figure 1.1) 

(Navarro et al., 2006; Fos et al., 2006).  
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Figure 1.1. Geographic locations of sampling areas where Lmj plant populations were found in 
Valencia province.

 

Soil samples from these spots were submitted to chemical analysis (Table 1.1). All 

sampled soils have similar chemical properties, such as to be basic soils with a pH around 8 

(from 8.10 to 7.87) and Ca2+ concentration  (between 3110 to 6383 ppm) (Table 1.1).

 

Table 1.1. Chemical characteristics of sampled soils 

Soils Coordinates pH E.C.a Carbonatesb %N Cac Mgc Nac Kc 

Gandía  0º 16’ W 
38º 59’ N 8.06 126 1.14 0.228 3110 346 63 194 

Llombai 0º 33’ W 
39º 19’ N 8.02 386 2.47 0.383 6383 157 51 590 

Monserrat 0º 34’ W 
39º 19’ N 8.10 211 3.67 0.222 5844 90 51 208 

Xàtiva 0º 31’ W 
38º 57’ N 7.87 101 0.79 0.228 5230 202 53 166 

a Electric Conductivity (µS/cm) b %CaCO3 
cmg/ Kg (ppm)

 

1.1.2. Isolation and phenotypic characteristics of Lmj rhizobia. 

The number of rhizobia able to nodulate Lmj in the sampled soils was very low, as 

evidenced by the number of nodules per plant (1 to 10 per 50 g soil and plant). A total of 250 

isolates, each from a different nodule, were collected, purified, and tested for induction of 

nodulation. When positive, their nitrogen fixation capacity was determined by re-inoculating 

Lmj seedlings and growing the plants under bacteriologically controlled conditions. Thus, 103 

isolates were identified as able to induce red nodules and generate healthy plants with dark-

green leaves (Fig. 1.2). These isolates were designated Lmj strains. Nitrogen fixation capacity of 
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the one third of strains was evaluated by determine the rates of acetylene reduction by nodules. 

Resulting rates varied between 17.7 and 7.1 !moles of acetylene reduced x (h x g of nodules)'1, 

and among the seven more effective strains, LmjC and LmjM3 exhibited the highest  efficiency. 

  
Figure 1.2. Isolation of Lmj rhizobia from tramp plants. A; Lmj plant in Leonard jars 21 
days after inoculation with Valencia soils. B; Root nodule obtained from a trap plant after 21 
days. C; 10 days YMA plate with rhizobia isolated from Lmj nodules.   

 

Lmj strains are extremely slow-growing bacteria. Colonies took at least 10 days to be 

visible on YMA plates, and are non mucous with a size < 2 mm diameter. This extremely slow 

growth rate complicated phenotypic characterization. Colonies generate an intense blue color in 

YMA plates supplemented with bromophenol blue, which reflects a strong ability of Lmj strains 

to produce alkali, a diagnostic feature of members of the Bradyrhizobium genus, in contrast to 

other rhizobia (Jordan, 1982).  

 

In detail, growth rates among isolates are between 20 – 25 h in YMB or ~15 h in AG 

media. For instance, strains LmjC, LmjM3 and LmjH2p exhibited values of 20 h and the strains 

LmjX7 and LmjB2b of 25 h. In contrast, the mean generation times of “classic” 

Bradyrhizobium strains such as B. diazoefficiens USDA 110T, B. canariense BTA-1T and B. 

elkanii USDA 76T were lower than 10 h in YMB. Colonies were mucous and a size higher that 

4 mm diameter after six days on YMA plates. Regarding their ability to grow at different pH, all 

the Lmj isolates grow at pH 9.0 and were unable to grow at pH 5.0, in contrast to most strains of 

the Bradyrhizobium genus, such as B. diazoefficiens USDA 110T. 

 

 

A B 

C 
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1.1.3. Biodiversity of Lmj rhizobia. 

 

In order to ascertain the biodiversity of the strains, and to reduce their number for more 

detailed assays, genomic DNA from the 103 strains was fingerprinted by M13 random 

amplified polymorphic DNA (RAPD) technique that has previously been shown as a 

discriminatory strain-typing method (Coutinho et al., 1999; McInnes et al., 2004; Rivas et al., 

2006; Velazquez et al., 2010). With this technique, a total of 19 distinct RAPD electrophoretic 

types (RETs) were identified by their DNA band profile. A randomly selected strain of each 

RET was chosen as representative and its DNA band profile is shown in Fig. 1.3 The RETs 

grouped a variable number of strains, from two in RETs a, k and n, to nineteen in RET p (Table 

1.2). Moreover, no correlation between RETs and their geographical origin were found.  For 

instance, 5 strains (LmjA2, LmjB2b, LmjC, LmjD32, LmjH2p) isolated from Llombai soil were 

included in RETs a, b c, d and e, respectively, and most of the strains from Xàtiva soil, 27 

isolates, were grouped in RETs q and p. All sampled locations displayed different RETs that 

were unique to each location. 

Figure 1.3. Different M13 RAPD fingerprinting of Lmj strain. M13 RAPD electrophoretic types (RETs) of strain 
representatives of the different RETs are designated a to s. In parenthesis are the name of the representative strains. 
Lanes: M (100 bp molecular weight markers), m (LmjM3), n (LmjM6), l (LmjM2), a (LmjA2), i (LmjTa6), g 
(LmjL7), b (LmjB2b), d (LmjD32), k (LmjM1), s (LmjG3), r (LmjG2), e (LmjH2p), o (LmjM10), q (LmjX10), p 
(LmjX7), h (LmjL9), j (LmjTa10), c (LmjC), and f (LmjL5). Lane pac corresponds to B. pachyrhizi PAC48T.

 

In order to study homogeneity within a given RET, the recA gene sequences from all five 

isolates in RET h (LmjL1, LmjL4, LmjL8, LmjL9 and LmjL12) from Llombai, were obtained 

and compared (Fig. S1). When compared these recA sequences with the sequence from strain 

LmjA2 (RET a from Llombai), variations in 19 positions (out of 498) were observed. These 

results “validate” the M13 RAPD procedure for grouping identical or genetically close isolates, 
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but always its necessary to complement with other analysis.   

 

Results from RAPD electrophoresis typing experiments were used to quantitatively 

analyze and compare the diversity of Lmj rhizobial populations in the sampled soils. Strain 

richness and genetic diversity were estimated for each sampled location as described in 

Materials and methods section, and the results are shown in table 1.2. The highest richness 

values (number of RETs/number of isolates) were found in Llombai and Monserrat (0.26 and 

0.31, respectively), and the lowest in Xàtiva (0.07), with an average of 0.18 for the 103 isolates. 

These were low richness values compared to values for other populations and communities, 

which commonly range from 0.46 to 0.94 (McInnes et al., 2004), although the significance of 

these figures is unclear, since they may be affected by the low numbers of Lmj-nodulating 

strains isolated from some of the locations. In contrast, when the genetic diversity per site was 

estimated, the diversity index h, which accounts for both abundance and evenness of the RETs 

present, was medium to high in all four sites, with Xàtiva (0.43) having the lowest value. The 

total average of h for the four sites was H = 0.72. 

 
 

Table 1.2. Diversity of RAPD electrophoretic types (RETs) in each geographic location. 

Location Number of 
isolates (N) 

Number of 
RETs (S) 

RETs 
(number of isolates) 

Richness 
(S/N) 

Diversitya 
(h) 

Llombai 31 8 a(2), b(5), c(5), d(5), 
e(4), f(1), g(4), h(5) 0.26 0.88 

Monserrat 16 5 k(2), l(4), m(5), 
n(2), o(3) 0.31 0.82 

Xàtiva 27 2 p(19), q(8) 0.07 0.43 

Gandía 26 4 r(6), s(11), i(4), j(5) 0.15 0.73 
a Genetic diversity (h), as defined in Materials and methods. The average genetic diversity (H) across all sites was   
H=0.71. Diversity of RETs in each geographic location: Number of isolates and RETs from soils in four location 
of Valencia are indicated in the table. The diversity is calculated according to h = [1 - Σpi

2][N/(N - 1)] 
 

 

1.2. Phylogenetic analysis of Lupinus mariae-josephae isolates. 

 

DNA sequences for housekeeping genes 16S rRNA, glnII, recA and atpD, ITS sequence, 

and symbiotic genes nodC, and nodA were used in this work for molecular characterization of 

strains. Regarding Lmj isolates, only the strains representative of each RET were analysed. 

Besides, other strains from Lupinus spp. adapted to the growth in acid soils in the Iberian 

Peninsula, Ornithopus compressus and B. elkanii strain USDA 275 were also included in this 

work (Table M.1 and M.2). In addition, available sequences from Bradyrhizobia and fast-

growing strains of rhizobia were used for sequence comparisons. Phylogenetic trees were built 
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using both the ML and NJ methods. Although only NJ trees are reported, consistent results were 

obtained by both sequence analysis methods. Maximum likelihood phylogenies were essentially 

identical to results from NJ methods. 

 
1.2.1. Phylogenies of Lmj strains based on 16S ribosomal RNA and core genes. 

 

PCR products for 16S rRNA and recA, glnII and atpD core genes were amplified and 

sequenced for one representative strain of each of the nineteen RETs, and Neighbor-joining 

phylogenies were derived for 16S rRNA and for the concatenated core genes, including 

sequences from defined Bradyrhizobium type species. The 16S rRNA phylogenetic tree showed 

that all Lmj sequences belong to Bradyrhizobium genus (Fig. 1.4). In this figure, the genus is 

clearly split into two large groups and Lmj strains clustered in one of the two groups, designated 

Clade I in line with Sánchez-Cañizares et al. (2011). Lmj strains were not well resolved at 

species level, likely due to the poor discriminatory capacity of 16S rRNA phylogenies for 

closely related sequences (Jaspers and Overmann, 2004).  

 

Clade I contains also type strains of B. jicamae, B. lablabi, B. ferriligni, B. pachyrhizi, B. 

paxllaeri, B. icense, B. erythrophlei, B. retamae and B. elkanii, and was consistently distinct 

from Clade II (98% bootstrap support). Clade II comprises all other named Bradyrhizobium 

species, including B. japonicum, B. lupini, B. canariense and other Bradyrhizobium type strains 

non-related with lupine rhizobia. Similar results where obtained for Lmj strains when 16S-23S 

ribosomal RNA intergenic spacer  (ITS) was analysed. Small differences were observed 

regarding B. ferriligni, B. pachyrhizi, B. paxllaeri, B. icense, B. erythrophlei, and B. elkanii type 

strains that were grouped with strains of Clade I according with the 16S rRNA. 

 

Consistent with the 16S rRNA tree, phylogenetic analyses based on concatenation of the 

glnII, recA and atpD genes (ca. 1,300 bp), and the single atpD, recA and glnII trees (Sanchez-

cañizares et al., 2011) also splits the Bradyrhizobium genus into two Clades (Fig. 1.5). The 19 

Lmj strains are grouped (95% similarity) in six Operational Taxonomic Units (OTUs), 

designated 1 to 6 (Fig. 1.5). OTUs 1 and 3, the largest groups, cluster eight (97 % bootstrap) 

and six (98 % bootstrap) Lmj strains from Gandía, Llombai and Monserrat, and from Gandía, 

Llombai and Xàtiva regions, respectively. OTUs 2, 4 and 5 contain one strain from Monserrat, 

Llombai and Gandia respectively. OTU 6 includes two strains from Llombai. It is noteworthy 

that strains in OTU 6 share a common ancestor with B. retamae and B. icense, and are closely 

related to B. jicamae, B. paxllaeri and B. lablabi. 
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Figure 1.4. 16S rRNA neighbor-joining phylogenetic tree of Lmj rhizobial strains. Strains from each 
representing a RAPD electrophoretic profile (RET), and of representative strains from named 
Bradyrhizobium species, based on aligned 16S rRNA gene sequences (1390 bp) are showed. The significance 
of each branch is indicated at the branching points by a bootstrap percentage calculated for 1000 subsets (only 
values higher than 70% are indicated). Scale bar = 0.01. 

 

Remarkably, all bradyrhizobia isolated from Lupinus spp. (L. angustifolius, L. luteus, L. 

hispanicus, L. cosentinii and L. micranthus) and isolates from Ornithopus sp., that were tested 
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in this work, are included in the Clade II in the concatenated tree (Fig. 1.5). Most of them 

(ISLU21, ISLU13, ISLU8, ISLU101; ISLU12, ISLU16, ISLU_La35 and ISLU_Lan55) are 

close to B. canariense reference strain BTA-1. Strains ISLU101 and ISLU8, isolated from L. 

angustifolius and L. hispanicus, respectively, had been previously described as related to B. 

canariense based on restriction patterns of amplified 16S rRNA (Stepkowski et al., 2005). 

However, ISLU40, isolated from L. hispanicus, groups with the B. japonicum bv. genistearum 

lineage (type strain USDA 110T) (Vinuesa et al., 2005b, 2008). It is also worth noting that strain 

ISLU9 from L. cosentinii, clearly diverged from the Lupinus spp. isolates included in the B. 

canariense and B. japonicum lineages, and its related to B. iriomotense type strain. 

Additionally, in order to analize the possible philloenetic relation with B. ferriligni and B. 

erythrophlei a concatenated tree with glnII and recA genes was performed (Fig. S2), and this 

two species appear closely related to B. jicamae USDA 76T and B. pachyrhizi PAC48T. In 

summary, analysis of 16S rRNA and concatenated gene sequences showed that Lmj 

endosymbiotic bacteria belonged to a phylogenetically distinct Bradyrhizobium clade different 

from any other lupine isolate.  

 

 

1.2.2. Phylogenetic analysis of Lmj strains based on symbiotic genes. 

 

Likewise, PCR products for common symbiotic genes nodC, and nodA were sequenced 

and aligned with reference sequences. The corresponding Neighbor-joining trees for nodC (Fig. 

1.6) and nodA (Fig. S3) show that sequences from Lmj strains group in the same two branches 

(100% support) designated Cluster A and Cluster B. It is also remarkable that sequence 

similarities within each cluster were very high; 98-100% within cluster A, and 95-100% within 

cluster B. Cluster A includes only strains from Llombai and Xàtiva, and the strains are divided 

in two subgroups; one with only Llombai strains (LmjB2b, LmjD32, LmjL5, LmjL7 and 

LmjL9) and other with strains from both sides (LmjA2, LmjC, LmjH2p, LmjX7 and LmjX10). 

Cluster B groups all strains from Gandía and Monserrat, and strains are also separated in two 

subgroups.  One contains only strains from Monserrat (LmjM1, LmjM2, LmjM3 and LmjM6) 

and the other, strains from Monserrat and Gandia (LmjTa10, LmjM10, LmjTa6, LmjG2, 

LmjG3). In all phylogenies, Cluster B appears to share a common ancestor with B. retamae, B. 

icense, B. paxllaeri and B. lablabi type strains. 

 

In contrast with aforementioned results, isolates from all the other Lupinus spp. from the 

Iberian Peninsula were recovered in B. canariense bv. genistearum or in the B. japonicum bv. 

genistearum lineages, and they were distant from strains nodulating Glycine max (B. japonicum 

bv. glycinearum) (Jarabo Lorenzo et al., 2003; Velasquez et al.,  2010; Vinuesa et al.,  2005). 
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As an example, the nodC sequences of ISLU101, ISLU21, ISLU23, ISLU12 and ISLU14, 

isolated from L angustifolius, L. hispanicus, L. luteus, L. cosentinii, and L. micrantus, 

respectively, only showed a 78-81% nucleotide sequence similarity to isolate LmjC. The strains 

isolate from Lupines were mainly related to B. lupini and B. canariense

 
Figure 1.5. Concatenate neighbor-joining phylogenetic tree of Lmj rhizobial strains. Lmj and reference rhizobial 
strains based on concatenated sequences of the atpD, glnII and recA genes (see Fig. 1.4 legend for details). Scale bar 
= 0.02.  
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Figure 1.6. NodC neighbor-joining phylogenetic tree of Lmj rhizobial strains. Lmj and reference rhizobial strains, 
based on symbiotic nodC genes. Scale bars = 0.05 and 0.1.
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1.3. Cross inoculation test of lupine isolates. 

 

1.3.1. Plant infectivity analysis. 

 

The symbiotic specificity of rhizobia nodulating the novel Lmj species was investigated 

in plant cross-inoculation assays. In a first assay, a set of five Lmj isolates from one location 

(Llombai) was examined for infectivity and N2 fixation with six Lupinus spp. (L. gredensis is 

considered a sub species of L. hispanicus growing in acid soils in the Iberian Peninsula and six 

other legume species, most of them reported to be nodulated by lupine rhizobia (Table 1.3). In a 

second test one strain from each RET was investigated (Table 1.4). Finally 11 isolates from 

these native Lupinus spp. of the Iberian Peninsula, and several related strains of Bradyrhizobium 

were also tested for nodulation and N2 fixation efficiency with L. mariae-josephae as host 

(Table 1.5).  

 

Table 1.3. Legume host-range analysis of representative Lmj isolate from a Llombai populationa. 

Legume host Strains 
LmjA2 LmjB2b LmjC LmjD32 LmjH2p 

 Nod NF Nod NF Nod NF Nod NF Nod NF 
L. mariae-josephae ++ 9.9±1.7 ++ 11.2±2.6 ++ 14.8±2.9 ++ 9.2±2.1 ++ 15.2±1.8 
L. angustifolius x  x  x  x  x  
L. luteus x  x  x  x  x  
L. micranthus + 1.5±0.0 x  + 3.0±0.8 x  + 3.7±0.8 
L. hispannicus x  x  x  x  x  
L. cosentinii + 1.3±0.3 + 1.2±0.4 + 9.4±1.4 x  + 2.3±0.7 
L. gredensis x  x  x  x  x  
L. albus + 4.0±1.3  + 2.8±1.4  + 5.8±1.3 + 3.5±2.0 + 2.8±1.1 
Glycine max x  x  x  x  x  
Vigna sinensis - 0.0 - 0.0 - 0.0 - 0.0 - 0.0 
Lotus corniculatus x  x  x  ND  ND  
Ornithopus sp x  x  x  ND  x  
Cicer arietinum x  x  x  x  x  
M. atropurpureum - 0.0 - 0.0 + 3.9±0.0 ND  - 0.0 

a Nodulation was evaluated by the number and inside colour of nodules: (++) red, (+) reddish, (-) white, (X) no nodules, (ND) not determined. 
Nitrogen fixation (NF) was determined by the acetylene reduction test and expressed as µmoles of acetylene reduced x (h x g of nodules)−1 ± 
standard desviation. 

 

The Lmj isolates from Llombai exhibited similar symbiotic behavior with most legume 

tested (Table 1.3). As control, all the strains nodulated and efficiently fixed N2 with its own host 

Lmj. Remarkably, no efficient nodulation by any of the five strains was observed with L. 

angustifolius, L. luteus, L. hispanicus, and L. gredensis, excepting occasional tumor-like 

nodules in some plants. Except for strain LmjD32, the Lmj isolates tested did nodulate L. 

cosentinii, although nodules exhibited lower acetylene reduction rates that the control. L. 

micranthus was nodulated by only some of the isolates (LmjA2 and LmjH2p). In contrast, L. 
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albus was profusely nodulated by all Lmj isolates examined, inducing red nodules that, 

nonetheless, were poor nitrogen fixers. The latter results are consistent with the previously 

reported promiscuous nodulation character of L. albus (Velazquez et al., 2010), an introduced 

lupine but now fully naturalized in the Iberian Peninsula. It is also noteworthy that only isolate 

LmjC was found to nodulate Macroptilium autropurpureum. Soybeans (Glycine max) and 

chickpeas (Cicer arietinum) were not nodulated by Lmj isolates and only tumor-like nodules 

with no-N2 fixation capacity were observed with cowpeas (Vigna sinensis), Lotus corniculatus, 

and Serradella (Ornithopus compressus), the surrogate host for lupine-nodulating bradyrhizobia 

(Chatel and Parker, 1973). 

 

In the second test, looking for a correlation between the two different nodulation groups 

(Fig. 1.6) and the cross inoculation phenotype the selected 19 strains were analyzed, and the 

results were summarized in the Table 1.4. All strains were capable to nodulate and efficiently 

fix nitrogen with Lmj plants.  

 

Table 1.4. Cross-inoculation test of Lmj nodC clusters A and B. 

Legume host 

Strains 
LmjA2 

LmjH2p 
LmjX7 

LmjX10 

LmjM10 
LmjB2b LmjL7 
LmjG2 LmjG3 

LmjC LmjL5 
LmjL9 

LmjTa6 LmjTa10 
LmjD32 LmjM1 
LmjM3 LmjM2 

LmjM6 
Nod NF NF Nod Nod NF Nod NF 

L. mariae-josephae + + + + + + + + 
L. micranthus + + - - + + - - 
L. cosentinii + + + + + + - - 
L. luteus - - - - - - - - 
L. angustifolius - - - - - - - - 
L. hispannicus - - - - - - - - 
M. atropurpureum - - - - + + - - 

 

Regarding the other hosts, strains grouped in 4 different groups according to the N2 

fixation and nodulation capacities. The first and third groups, that include LmjA2 and LmjC 

strains, were able to efficiently nodulate L. micranthus and L. cosentinii. LmjC group also 

nodulates and fix nitrogen with M. atropurpureum. The second group, including LmjD32 strain, 

only nodulates Lmj plants, and the forth group, containing LmjB2b strain, efficiently fix 

nitrogen with L. cosentinii and Lmj plants. As an understanding result should be emphasize that 

none of these strains nodulate L. angustifolius, L. luteus or L. hispanicus lupine hosts. 

 

Finally, the symbiotic response of Lmj to different rhizobial isolates was tested using 

their cognate Lupinus spp. as control (Table 1.5). All isolates tested from L. angustifolius, L. 
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luteus, L. cosentinii, L. micranthus, L. hispanicus and L. albus induced inefficient nitrogen-

fixing nodules, although differences were observed among isolates from the same lupine host. 

The lowest (or null) nitrogen fixation capacity was observed with certain L. angustifolius, L. 

cosentinii and L. hispanicus isolates. On the other hand, Lmj was not nodulated by soybean 

(either B. japonicum or B. elkanii), cowpea or chickpea strains. In contrast, the two Serradella 

strains tested induced the formation of nitrogen fixing nodules with Lmj plants. One relevant 

result was that the other strains grouped in the cluster B (B. lablabi, B. icense, B. retamae and B. 

paxllaeri) alongside the Lmj strains were ineffective to nodulate Lmj plants. 

 

In summary, plant infectivity analyses revealed that the Lmj endosymbiotic bacteria are 

remarkably selective for nodulation of most native Lupinus spp. and are unable to nodulate or 

fix nitrogen with soybeans, serradella, cowpeas or L. corniculatus. In contrast Lmj was 

nodulated by most of the endosymbiotic bacteria isolated from other Lupinus spp. thriving in 

acid soils of the Iberian Peninsula, and occasionally fix nitrogen at low rates.  

 

Table 1.5. Symbiotic response of Lmj to different Bradyrhizobium strains. 

Strains 
Behavior with the original legume host L. mariae-josephae host 
Host Nodulation NF Nodulation NF 

LmjH2p L. mariae-josephae   ++ 15.2 ± 1.8 
ISLU101 L. angustifolius ++ 4.6 ± 0.7 - 0.0 
Lan55 L. angustifolius ++ 7.7 ± 2.0 + 0.4 ± 0.2 
ISLU8 L. luteus ++ 6.9 ± 1.1 - 0.4 ± 0.1 
ISLU15 L. luteus ++ 4.8 ± 0.2 + 0.7 ± 0.1 
ISLU12 L. cosentinii ND ND - 0.0 
ISLU9 L. cosentinii ND ND + 2.3 ± 0.1 
ISLU13 L. micranthus ++ 5.5 ± 2.0 + 0.2 ± 0.1 
ISLU122 L. micranthus ++ 3.2 ± 0.6 + 0.6 ± 0.3 
ISLU21 L. hispannicus ++ 7.5 ± 0.1 + 2.1 ± 1.1 
ISLU40 L. hispannicus ++ 4.0 ± 0.9 - 0.0 
La35 L. albus ++ 2.9 ± 0.7 + 0.5 ± 0.4 
USDA275 G. max ++ 2.5 ± 0.6 x  
USDA110 G. max ++ 4.5 ± 1.3 x  
ISLU16 O. compressus ++ 3.9 ± 1.6 + 0.8 ± 0.4 
B. icense LMTR13T Ph. lunatus ++  x  
B. paxllaeri LMTR21T Ph. lunatus ++  x  
B. lablabi CCBAU23086T Lab. purpureus ++    
B. retamae Ro19T Re. monosperma ++    
B. canariense BTA-1T Ch. proliferus ++  x  
NGR234 M. atropurpureum ++ 11.2 ± 1.7 x  

a Nodulation was evaluated by the number and inside colour of nodules: (++) red, (+) reddish, (-) white, (X) no nodules, (ND) not 
determined. Nitrogen fixation (NF) was determined by the acetylene reduction test.  
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1.4. Discussion 

 

Lupinus is a diverse genus of legumes that grows in a wide range of ecological conditions 

including nutrient-poor arid soils and extreme climates, where cultivation of more demanding 

crops is problematic (Gladstones, 1988; Huges and Eastwood, 2006). It is generally accepted 

that Lupinus spp. is a legume adapted to growth specifically in acid soils (Tang and Robson, 

1995; Gladstones, 1998). In contrast to that, the novel Lupinus mariae-josephae species 

(Pascual, 2004) thrives in soils with high pH (>8.0) and active lime content. Its natural 

occurrence is restricted to an area of Luvisols, also known as “terra rossa”, in a specific area of 

Eastern Spain where it is endemic (Fos et al., 2006). High pH and high bicarbonate are primary 

factors restricting growth of commercial lupines, although different levels of tolerance to 

alkaline soils have been observed (Tang and Robson, 1995). Among the Lupinus spp. native of 

the Iberian Peninsula, L. cosentinii is the most tolerant to basic soils (Castroviejo and Pascual, 

1999). Based on the singular adaptation of Lmj to a basic soil with high bicarbonate content, it 

was of interest to characterize the endosymbiotic bacteria of this new Lupinus species.  

 

Data obtained in this study showed that Lmj symbionts are very slow-growing bacteria 

assigned to the Bradyrhizobium genus with phenotypic and phylogenetic characteristics clearly 

different from other members of the genus. The extra-slow-growing behavior of Lmj bacteria 

made awkward their characterization. Extra-slow growth of rhizobia strains has previously been 

described for other rhizobia strains such as certain isolates from Lima beans (Phaseolus 

lunatus) from Peru (Ormeño et al., 2006) and retama from Northern Algeria (Guerroj et al., 

2012).  

Regarding the behavior of Lmj endosymbiotic bacteria in a range of pH in culture 

conditions, they were not remarkably tolerant to alkaline pH in YM broth, as compared to other 

Bradyrhizobium species, but were distinctly more sensitive to acid pH. This behavior was not 

expected given the basic nature of the soils where Lmj thrives, although the response of the 

bacteria to an alkaline pH in the “terra rossa” soil is unpredictable. 

 

An M13 RAPD technique was used for grouping the 103 effectively nodulating and N2-

fixing isolates selected out of 250 isolates available, since it has been shown to be very sensitive 

(Coutinho et al., 1999; McInnes et al., 2004; Rivas et al., 2006; Velasquez et al., 2010). 

Nineteen different RAPD electrophoretic types (RETs) were differentiated. Although this is a 

highly discriminatory method that usually results in richness indices ranging from 0.48 to 0.94 

(McInnes et al., 2004), a remarkably low average richness diversity index of 0.18 was found for 

isolates in the whole Lmj habitat. Bottomley et al. (1994) in Oregon, using a different technique, 

found that bradyrhizobia isolated from the nodules of L. albus and L. angustifolius had a higher 
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strain richness (0.38) than those from the Lmj habitat. Several factors may be responsible for 

these low richness indices, such as the reduced area sampled, the peculiar chemical properties of 

the soil, or the restricted legume host. The use of trap hosts inoculated with the same soil is 

unlikely to be the cause of the low richness values, since it has been reported not to alter the 

strain richness of populations recovered directly from soil nodules (McInnes et al., 2004). 

Clearly, populations from Xàtiva and Gandía showed lower strain richness than those from 

Llombai and Monserrat (Table 1.2), although there is no obvious explanation for this difference. 

In contrast, the diversity index h, which accounts for both abundance and evenness of the 

species present, was medium to high in all the four sites (H = 0.72) with the Xàtiva site 

presenting the lowest values (0.40). Using different fingerprinting typing techniques, similar 

diversity values have been reported for B. canariense (H = 0.41) and B. japonicum (H = 0.58) 

isolates (Vinuesa et al., 2005) or Bradyrhizobium spp. nodulating Lupinus in Oregon (H= 0.69) 

(Bottomley et al., 1994) or diverse locations in Mexico (Barrera et al., 1997). Singularly, 

especially for a geographical area as small as the Lmj habitat, none of the identified RETs 

appeared in more than one of the four geographical locations. The high differentiation power of 

the M13 RAPD methodology used in this work might have contributed to this result.  

 

It is generally accepted that Lupinus spp. are nodulated mainly by slow-growing strains 

classified in the genus Bradyrhizobium (Barrera et al., 1997). However, studies over the last few 

years have revealed a high genetic diversity among Bradyrhizobium strains isolated from 

Lupinus found on different continents, ecosystems and cultivated and wild plants. A general 

conclusion from these studies is that Lupinus spp. endosymbiotic bacteria are related to the B. 

japonicum and B. canariense species (Jarabo-Lorenzo et al., 2003; Vinuesa et al., 2005a, 

2005b; Stepkowski et al., 2003; Stepkowski et al., 2005; Velazquez et al., 2010). However, for 

a better interpretation, other methodologies are needed. As pointed out by Rosselló-Mora and 

Amann (Rosello Mora and Amann, 2001), a phylogenetic approach can be useful in inferring 

relationships that explain diversity in a habitat such as that of Lmj, and we used 16S rRNA, core 

and symbiotic gene phylogenies for that purpose.  

 

Phylogenetic analyses based on 16S rRNA and on the housekeeping genes glnII, recA 

and atpD, congruently group all the tested isolates in a cluster evolutionary distant from 

endosymbiotic bacteria of other Lupinus spp. growing in the Iberian Peninsula. Specifically, 

these analyses consistently assign L. mariae-josephae isolates to a strongly supported clade 

(Clade I) within the Bradyrhizobium genus. The two Bradyrhizobium clades had been proposed 

by different authors (Kwon et al., 2005; Menna et al., 2009; Stepkowski et al., 2011). Clade II 

includes all the former defined Bradyrhizobium species, and particularly all the isolates from 

other Lupinus spp., other than Lmj (Jarabo-Lorenzo et al., 2003; Stepkowski et al., 2005; 
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Vinuesa et al., 2005b). The existence of a novel clade, including B. elkanii within the 

Bradyrhizobium genus, was also proposed by Boulila et al. (2009) and Menna et al. (2009). 

This new clade also include, recently described Bradyrhizobium spp. as B. retamae, B. 

paxllaeri, B. icense, B. pachyrhizi, B. lablabi and constitute a new evolutionary lineage within 

the Bradyrhizobium genus. 

 

The phylogenetic tree based on the concatenated glnII, recA and atpD gene sequence 

groups Lmj isolates in a monophyletic cluster within Bradyrhizobium Clade I, Lmj strains 

displayed a large diversity (Figure 1.5). The meaning of the six operational taxonomic units 

(OTUs) defined in this tree is not evident, and their correspondence with definable taxonomic 

species will be dependent on other factors, such as the degree of overall similarity in other 

genomic characteristics, and the presence of discriminative phenotypic properties (Rosello Mora 

and Amann, 2001). At a lower level of similarity, all the Lmj strains within OTUs 1, 2, 3, 4, and 

5 coalesce into one group, leaving OTU 6 (strains LmjC and LmjL5) outside. In this respect, it 

is worth noting, not only that OTU 6 clusters with B. retamae and B. icense (Figure 1.5), but 

also that phenotypic differences, such as growth rates, nitrogen fixation efficiency and Lupinus 

spp. nodulating specificity have been observed in these strains. This distinction could also be 

observed in the phylogenetic trees based on glnII, recA and atpD core genes, and it supports the 

existence of distinct groups of Lmj isolates which may represent at least 6 unnamed new 

genospecies. However, additional isolates as well as detailed phenotypic and genetic studies 

will be required to clearly define new species from these potential new sister genospecies of 

Lmj bacteria. 

 

The evolutionary history of symbiotic genes is often different to that of core genes such 

as 16S rRNA or other housekeeping genes. It has been suggested that acquisition of symbiotic 

genes is relatively recent with regard to divergence in rhizobia (Turner and Young et al., 2000). 

Furthermore, lateral transfer of symbiotic genes among rhizobia is a process that would explain 

conflicting phylogenies between core and symbiotic genes (Parker et al., 2002; Moulin et al., 

2004; Vinuesa et al., 2005a), as well as the fact that symbiotic characteristics are often shared 

by several species while distinct symbiotic traits can be found within species. For instance, in 

this study, phylogenetic analysis based on housekeeping genes consistently showed that Lmj 

isolates were related, for example to B. elkanii strains USDA 76T and USDA275 but, as 

expected, both strains appear within B. japonicum glycinearum lineage in the nodC tree. In 

contrast, bacteria nodulating Lablab purpureus, R. monosperma, R. sphaerocarpa and Ph. 

lunatus are related to isolates from Lmj in phylogenetic analyses based on both core and 

symbiotic genes. It would be attractive to investigate in detail the history of the soils where both 

plants originated to explore a potential connection with their endosymbiotic bacterial 
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population.  

 

The symbiotic gene diversity of Lmj bacteria, as inferred from nodC and nodA 

phylogenies (Figure 1.6 and S3), is much lower than the observed core gene diversity (Figure 

1.5). Both genes gave equivalent results, with Lmj sequences grouping in only two clearly 

different clusters (82-95% bootstrap support): Cluster A groups all strains from Monserrat and 

Gandía, and Cluster B all the strains from Xàtiva and Llombai. Although these results suggest 

an association of symbiotic types with geographical regions, no geographical barriers or other 

regional differential factors, such as chemical soil, altitude, climate conditions, number of plant 

spots, or other legume plant communities were apparent.  The observed dissimilarities between 

nod (Figure 1.6) and core (Figure 1.5) gene phylogenies are in line with previous reports that 

favor the hypothesis of multiple lateral transfers of symbiotic loci among Bradyrhizobium 

lineages (Jarabo-Lorenzo et al., 2003; Moulin et al., 2004; Stepkowski et al., 2003) Gene 

dissemination by lateral transfer in a habitat such as the Valencia “terra rossa” soils may 

account for the existence of the same symbiotic variant (symbiovar) in different microbiological 

species (Rogel et al., 2011). The NJ and ML phylogenetic analyses of nodA and nodC genes 

sequences also supports that Lmj isolates likely represent a new, distinct evolutionary lineage. It 

is worth noting that nesting of Lmj endosymbiotic bacteria within a new symbiotic lineage, 

singularly emphasizes the relevance of the plant host for strain grouping rather than their 

species assignation, as it is frequent in genus Bradyrhizobium (Vinuesa et al., 2005b). Although 

analysis of more symbiotic genes is needed, the high similarity of Lmj isolates based on nodA 

and nodC is congruent with their host specificity range (unable to efficiently nodulate Lupinus 

spp. adapted to acid soils such as L. angustifolius or L. luteus). This specificity predicts that Lmj 

endosymbiotic bacteria synthesize molecules required for the specific interaction with Lmj, and 

again suggests that it is the plant host that determines endosymbiotic bacterial selection. 

Remarkably, strain distribution in both clusters was identical for nodA and nodC phylogenies, 

suggesting that both genes are linked and have congruently evolved (see genomic chapter). 

 

The nodA and nodC phylogenetic analysis suggests that nod genes from Lmj have 

apparently come from an ancestor common but different to the other bacteria that nodulate 

lupines in the Iberia Peninsula, each of the representative strain for L. micranthus, L. cosentinii, 

L. angustifolius, L. hispanicus and L. luteus employed in this study were related to B. 

canariense BTA-1T and the recently re-assigned B. lupini type strain.  

 

The strongly supported phylogenetic differences, both at the core and symbiotic levels, 

between Lmj strains and symbiotic strains from lupines thriving in other European regions are  

not understood. It may be related with the singularities of the host plant (Mahe et al., 2010, 



  Chapter 1 
 

 
  

50 

Pascual 2004) and of the chemical characteristics of its habitat soils (Table 1.1). In contrast with 

all other Old World lupines, that preferentially thrive in acid soils (Gladstone et al., 1998; 

Howieson et al., 1998; Kerley et al., 2000; Tang et al., 1996), Lmj only grows in alkaline-

calcareous, “terra rossa” soils (Fos et al., 2006; Navarro et al., 2006). Similarly to the situation 

with B. canariense, that has been described as a species well adapted to acid soils (Vinuesa et 

al., 2005), Lmj symbiotic bacteria may have been selected by adaptation to their particular soil 

and lupine host. At any rate, the observed singularity and large genomic diversity of the Lmj-

specific strains isolated in this and in a previous study (Sanchez-Cañizares et al., 2011) from the 

small Lmj geographic distribution area,  suggests that this could be an attractive model system 

to study the evolution and adaptation of rhizobial symbionts to their specific plant hosts.  

 

In this regard, it is outstanding (Table 1.4) that Lmj endosymbiotic bacteria are unable to 

nodulate Lupinus spp. that require acid soils such as L. angustifolius, L. luteus, L. hispanicus 

and L. gredensis  (Howieson et al., 1998) in contrast with their capacity to nodulate species able 

to tolerate basic soils such as L. cosentinii and L. albus (Castroviejo and Pascual et al., 1999). 

This behavior may suggest an effect of soil on the nodulation specificity of Lmj bacteria and it 

is relevant since most, if not all the Lupinus spp. from the Old World, also require acid soils  

(Gladstones, 1998). However, it is more likely that the Lupinus spp. host is the determinant 

factor for specificity, and the capacity of Lmj bacteria to nodulate L. albus and L. cosentinii is 

more congruent with the promiscuity of these species towards diverse lupine endosymbiotic 

bacteria as it has previously been reported (Stepkowski et al., 2005; Velazquez et al., 2010).  

 

Possible structural or genetic differences between the L. mariae-josephae/Lmj bacteria 

symbiosis and other lupine symbioses are unknown and will require additional symbiotic and 

genetic studies. Nevertheless, we can conclude that a potential allopatric isolation of Lmj in the 

“terra rossa” alkaline soils of Eastern Spain has selected a singular population of endosymbiotic 

bacteria phenotypically and phylogenetically different from bacteria nodulating Lupinus spp. 

thriving in acid soils of the Iberian Peninsula, such as L. angustifolius or L. luteus. 
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Lupinus mariae-josephae nodulating rhizobia in soils outside of Valencia region: Iberian 
Peninsula and Chiapas (Mexico). 
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Lupinus mariae-josephae nodulating rhizobia in soils outside of Valencia region: Iberian 

Peninsula and Chiapas (Mexico). 

 

We recently conducted studies directed to characterize the symbiosis of the Lupinus 

mariae-josephae endemism of Valencia region in Eastern Spain. Results from these studies 

concluded that Lmj endosymbiotic bacteria belong to a new Bradyrhizobiun lineage, unrelated 

to B. canariense or B. japonicum. A wider study on the genetic diversity of Lmj-nodulating 

bacteria identified up to nineteen groups of Bradyrhizobium strains belonging to up to six 

genospecies that were able to nodulate Lmj plant populations in the Valencia province 

(Sánchez-Cañizares et al., 2011; Durán et al., 2013). 

   

The reduced and singular Lmj habitat, particularly regarding the peculiar chemical 

characteristics of the alkaline “terra rossa” soil where it grows, place this lupine species in 

danger of extinction and emphasize the need for research directed towards its conservation. The 

goal of this work its to take advantage of our knowledge of the Lmj symbiosis and of our 

collection of Lmj endosymbiotic bacteria, in order to explore the possibility of extending the 

growth area of Lmj plants to additional patches in the “terra rossa” soils of Valencia, and to 

other apparently similar soils in the Iberian Peninsula and Balearic Islands, thereby contributing 

to ongoing efforts directed to conservation of the species. As part of the work, experiments 

leading to selection of efficient nitrogen fixing strains for inoculant production and in situ field 

trials with inoculated seeds were also performed. 

	  

	  

2.1. Search of L. mariae-josephae nodulating bacteria in Iberian Peninsula soils out of 

Valencia “terra rossa” area. 

 

The existence of Lmj-nodulating bacteria was examined in “terra rossa” and in “reddish 

brown” soils from Spanish regions located outside of Valencia “terra rossa” area (Table 2.1 and 

Fig. 2.1).  “Terra rossa” soil sites were chosen within areas well defined in the Mediterranean 

basin by Muhs et al., (2010). The chemical composition of these soils is quite diverse but all 

have pH values near 8 and moderate to elevated Ca2+ concentrations (Table 2.1) as it had also 

been previously reported for the Lmj area in Valencia (Sánchez-Cañizares et al., 2011; Durán et 

al., 2013). 

 

The presence of Lmj-nodulating bacteria in soil samples was determined by using Lmj as 

trap-plant. Analysis of nodule numbers revealed that Lmj-nodulating bacteria were present in 
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Valencia “terra rossa” soils from Lmj plant patches in the Llombai and Xàtiva locations (Table 

2.1), at levels similar to those previously determined (Chapter 1). 

In a site located outside the Llombai Lmj plant patch (ca. 200 m away), Lmj-nodulating 

bacteria were also found but, within the limitations of the semi-quantitative method employed, 

resulting in lower nodule numbers (ca. 10%, Table 2.1). Similar low levels of Lmj-nodulating 

bacteria were detected in soil samples from the field trial used in Chapter 3. In all cases, the 

nodules detected were reddish and appeared not to fix enough nitrogen to yield plants as green 

as those grown in soils from Lmj-plant patches, suggesting that numbers of nodulating bacteria 

may be limiting.  

 

 
Figure 2.1. Map of Spain with sampling sites indicated by black arrows and their named location (see Table 
2.1). The distribution of Red Mediterraean and reddish brown soils is indicated by colors (after Muhs et al., 2010).   
 

Endosymbiotic bacteria were isolated from those nodules, their recA gene sequences were 

determined and phylogenetic trees were derived from those. As expected, these analyses 

identified them as Lmj Bradyrhizobium strains. Regarding the site designated “out Xàtiva Lmj 

plant patch”, a “terra rossa” soil spot also distant ca. 200 m from the Lmj population, no Lmj-

nodulating bacteria were found. All together, these results suggest that low numbers or absence 
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of Lmj-nodulating bacteria are observed in Valencia “terra rossa” soils outside the Lmj plant 

patches.  

 

Similar greenhouse experiments using Lmj trap-plants were performed with eight “terra 

rossa” or red soils from different geographical locations in Spain (Table 2.1). No nodules were 

detected from any of the eight places examined, which include the six “terra rossa” soils tested 

(four from the Iberian Peninsula and two from Mallorca, Balearic Islands), and two alkaline red 

soils. These results suggest that Lmj-nodulating bacteria are absent (or in undetectable numbers) 

in “terra rossa” or alkaline red soils outside the Valencia Lmj endemism region.  

 

Table 2.1. Presence of Lupinus mariae-josephae nodulating bacteria in “terra rossa” and reddish soils in Spain.† 

Origin of Soils 
(coordinates) 

Plant 
Appearance 

nodule 
numberΔ 

Soil Chemical Characteristics Soil 
Type pH Ca* Mg* N# P* K* 

Llombai plant patch 
(39.3189373°, -000.5639983°) green 3.6 ± 0.5 

red 7.98 7,720 120 3.8 7.7 310 terra 
rossa 

Xàtiva plant patch 
(38.9488459°, -000.5305723°) green 3.5 ± 0.4 

red 8.17 6,880 110 2.2 <5 170 terra 
rossa 

Outside Llombai plant patch 
(39.3189373°, -000.5639983°)▼ yellow/ green 1.3 ± 0.4 

reddish 7.65 6,120 110 3.0 <5 320 terra 
rossa 

Outside Xàtiva plant patch  
(38.9488459°, -000.5305723°) ▼ yellow 0 7.47 2,960 90 1.2 <5 190 terra 

rossa 
Field trial site   
(39.2918111°, -000.6591528°) yellow/ green 1.5 ± 0.5 

reddish 7.98 6,840 200 3.2 5.9 680 terra 
rossa 

Mallorca 4 
(39.3582222°, 002.8224722° yellow 0 8.36 6,990 480 1.1 <5 1150 terra 

rossa 
Mallorca 6 
(39.3635833°, 002.8902222°) yellow 0 9.09 5,600 1180 1.4 <5 1690 terra 

rossa 
Pozuelo del Rey  
(40.3728306°, -003.3259472°) yellow 0 7.9 5,550 60 0.1 <5 190 terra 

rossa 
Aldeanueva de la Serrezuela 
(41.4569722°, -003.7812083°) yellow 0 7.49 2,750 110 0.1 <5 150 terra 

rossa 
Fresno de la Fuente 
(41.3937444°, -003.6442917°) yellow 0 7.86 6,930 200 0.1 <5 790 terra 

rossa 
Alcala de Guadaira 
(37.3270278°, -005.7963333°) yellow 0 7.95 5,030 130 0.1 8.3 490 terra 

rossa 
La Luisiana 
(37.5248333°, -005.4024167°) yellow 0 8.09 7,650 260 0.1 27 1240 red 

Calzadilla de los Barros 
(38.3488556°, -006.3217944°) yellow 0 7.87 7,260 200 0.1 <5 460 red  

* Expressed in mg.kg-1. # Expressed in g. kg-1. Δ average of nodules per Leonard jars ± standard error. ▼ 200 meters outside of plant patch. † 
Symbiotic bacteria were screened using Lmj trap-plants in sterile Leonard. 
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2.2. Search of the presence of bacteria capable to establish symbiosis with L. mariae-

josephae in Mexican soils. 

 

In the context of a collaboration with the Mexican group of the Dra. Esperanza Martinez 

Romero (CCG, Cuernavaca, Mexico) the presence of bacteria capable to nodulate Lmj outside 

of European continent was investigated (Table 2.2). Soils from eight localities in three different 

states were prospected. One, near the city of Oaxaca in the state of Oaxaca, three sites close to 

the town called "Tierra Colorada" in the state of Guerrero, and finally, soils samples from two 

locations in the state of Chiapas were studied, the first from the ecological reserve of El 

Sumidero and the second in Ocuilapa. Oaxaca soils were chosen based on reports of alkaline 

soils in the area close to Oaxaca city, and Tierra Colorada soils because were reddished. As a 

matter of fact, the name of this last town derives from pink to red color characteristics of the 

soils, similar to those of the "Terra Rossa" where it grows Lmj. In both regions the presence of 

Lupinus spp. had been reported (Bermudez-Torres et al., 1999).  

 

Table 2.2. Presence of Lupinus mariae-josephae nodulating bacteria in “terra rossa” and reddish 
brown soils in Spain†. 

Origin of Soils 
(coordinates) 

Plant 
Appearance 

nodule 
numberΔ pH Ca* Soil Type 

Oaxaca  
(17° 3' 37.902" N, -96° 43' 31.374" W) yellow 0 7.92 6,300 terra rossa 

Oaxaca  yellow 0 8.10 3,756 terra rossa 

Oaxaca  yellow 0 7.65 3,450 terra rossa 

Tierra Colorada 
(17° 9' 55, 643" N, -99° 31' 36 799" W) yellow 0 8.10 5,830 reddish 

Tierra Colorada yellow 0 7.98 5,600 reddish 

Tierra Colorada 
yellow 0 7.43 5,320 reddish 

El Sumidero (Chiapas) 
(16° 45 '54.5 " N, 93° 08' 19.7" W) yellow/ green 1.5 ± 0.5 7.60 5,345 terra rossa 

Ocuilapa Chiapas) 
(16° 48 '57.3" N, 93° 24 '45.3" W) green 3.6 ± 0.5 8.0 6,990 terra rossa 

* Expressed in mg.kg-1. Δ average of nodules per Leonard jars ± standard error. † Symbiotic bacteria were screened using Lmj 
trap-plants in sterile Leonard. 

 

The presence of bacteria able to nodulate Lmj plants was investigated in greenhouse 

experiments using Lmj tramp-plans and soil samples. In any of the plants examined were 

observed the presence of nodules. Although this was the result expected in soils located outside 

of the Valencia Lmj endemism, it should be remembered that the chemical analyses of soil 

samples showed neutral or moderately alkaline pH.  
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2.2.1. Symbiosis of L. mariae-josephae with bacteria from Chiapas soils. 

 

The soils collected in El Sumidero and Ocuilapa, had pH values of 7.6 and 8 respectively. 

Both soils are characterized by high contents of calcium as calcium carbonate (Espinosa-

Jiménez et al., 2011). The vegetation in the sampled area in El Sumidero was a deciduous forest 

with legumes as such as Leucaena collinsi, Acacia farnesiana, Lysiloma acapulsensis, and 

Prosopis sp. In Ocuilapa vegetation was forest or deciduous forest with A. farnesiana as 

predominant legume. Although there have been reported species of Lupinus montanus complex 

in the state of Chiapas (Dunn and Harmon, 1977), the presence of lupines plants was not 

detected in any of the two localities. 

 

2.2.2. Symbiotic and phenotypic analysis. 

 

Surprisingly, after testing Lmj trap plants with the Mexican soils collected in the states of 

Chiapas nodulated plants were obtained. Six strains designated as FP11, FP12, FP13, FP14 

were isolated from Ocuilapa soil and P19a, P22a from El Sumidero. Symbiotic properties were 

confirmed by reinoculation test. 

 

 
Figure 2.2. Lmj plants inoculated with Mexican strains. 
Strains isolated from Chiapas soil. The central pot is a non-
inoculated control.  

The appearance of the Lmj plants inoculated with these strains is shown in Figure 2.2. 

Successful nodulation was observed in all cases, and strain P22a was the more effective, based 

on the larger plant size exhibited after plant inoculation in greenhouse assays. 
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Cross-inoculation test was performed with the 6 Chiapas strains, and legumes used as 

hosts were L. angustifolius, L micranthus, L. cosentinii and M. atropurpureum, besides Lmj 

used as control. Cross-inoculation results are presented in Fig. 2.3 and Table 2.3. Relevant 

observations from these results are that P22a efficiently nodulates (produce red nodules) all the 

hosts tested, including M. autropurpureus, a none Lupinus species. This host is also nodulated 

by strains FP11, FP14, P19a. Also is observed that all the isolates effectively nodulate L. 

cosentinii and L. micranthus (except strain FP11).  

 

 
Figure 2.3. Cross inoculation test. Leguminous plants inoculated with strains isolated from Lmj trap plants and 
alkaline soils from region of Chiapas in Mexico. The central pot is a non-inoculated control.  
 

The Chiapas strains showed slow growth in mannitol yeast extract medium, a common 

feature of the genus Bradyrhizobium. For further characterization, these strains are actually 

being analyzed their growth characteristics in different cultural media and their resistance to 

different antibiotics. On the other hand, the genetic characterization of the strains is in progress. 
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Table 2.3. N2 fixation phenotype of Lmj strains isolated from 
Chiapas soils in symbiosis with different legume hosts. 
 Legumes1a 
Strains Lmj Lan Llu Lco Lmi Mat 
FP11 ++ + x ++ x + 
FP12 ++ x x ++ ++ x 
FP13 ++ x x ++ ++ x 
FP14 ++ x x ++ ++ ++ 
P19a ++ + x ++ ++ ++ 
P22a ++ ++ ++ ++ ++ ++ 

a Nodulation was evaluated by the number and inside colour of nodules: (++) red, 
(+) reddish, (X) no nodules 1 Lmj.: Lupinus mariae-josephae; Lan.: L. 
angustifolius; Llu: L. luteus; Lco: L. cosentinii; Lmic.: L. micranthus  and Mat: 
Macroptilium atropurpureum 

 

2.2.3. Phylogenetic analysis. 

 

Sequences of housekeeping atpD, glnII and recA genes and the symbiotic nodC gene of 

the Lmj isolates from the Chiapas soil were achieved to the end of studding their taxonomic 

position. The analysis included all the Lmj defined strains and related Bradyrhizobium type 

strains. Individual and concatenated (Fig. 2.4) phylogenetic trees indicated that all the available 

isolates belong to the genus Bradyrhizobium. The MLSA phylogenetic analysis also sowed that 

genes from Chiapas strains fell into two groups. One includes strains FP12, FP13 and FP14 

(P19a gene sequences are not available), and the second group strains FP11 and P22a. 

Comparisons with previous data (Sanchez-Cañizares et al., 2011) revealed that strains FP12, 

FP13 and FP14 gather in the same Clade containing the Lmj strains, although in a separated 

branch. The strains FP11 and P22a from the second group are assembled in the other Clade of 

Bradyrhizobium genus and are close of B. yuanminguense type strain. Since this clustering is 

backed by bootstrap values (100%), it can be advanced that strains FP11 and P22a correspond 

to a new species inside of the Bradyrhizobium genus. 

 

Additionally, we have carried out a phylogenetic analysis based on nodC gene. The tree 

shown in Figure 2.5 indicates again that the Chiapas strains are divided into two groups. One, 

including isolates FP12, and FP13 and FP14 is related with the Lmj strains inside of the cluster 

B of Lmj strains, although in a new and different subgroup. The second group of strains; FP11 

and P22a, appears as a distinct subgroup nonrelated to any Bradyrhizobium strain that nodulate 

Lupinus spp. 
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Figure 2.4. Concatenate neighbor-joining phylogenetic tree of Lmj and Chiapas rhizobial strains. Tree based on 
the alignment of atpD, and recA genes glnII concatenated genes (1243 bp). The values "bootstrap" indicated on 
branches.  

 

The two groups of nodC gene within Chiapas isolates may partly explain the symbiotic  

differences shown in Table 2.2. Here, two cross inoculation groups could be distinguished. 

Strains FP11 and P22a group together, and the remaining I a different group. It would be 
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illustrative to find the presence of similar symbiotic gene systems in Bradyrhizobia from native 

legume host in soils of Chiapas. 

 
 

 
Figure 2.4. NodC Concatenate neighbor-joining phylogenetic tree of Lmj and Chiapas rhizobial strains. 
Neighbor-joining phylogenetic tree of Lmj strains from Chiapas based on nodC (455 bases). The significance of each 
branch is indicated at the branching points by a bootstrap percentage calculated for 1,000 subset .  
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2.3. Discussion. 

 

The unique Lupinus mariae-josephae endemism occurs in a dry habitat of Eastern Spain 

where the Lmj plants thrive in an alkaline soil know as “terra rossa”. Within the Valencia 

region, Lmj has only been identified in seven reduced plant patches, three of them along the last 

year. The term “terra rossa” became a common denomination for all hard limestone-derived red 

soils in regions with a Mediterranean climate (Yaalon, 1997).  They are a type of red clay soils 

produced by either the weathering of limestone rock or by total or partial replacement of 

limestone bedrock by dissolved aeolian dust (Muhs et al., 2010; Merino and Banerjee, 2008). 

Upon weathering, environment chemical oxidation of Fe2+ occurs, with formation of Fe3+ 

hydroxides and oxides (rusting), which give clay its characteristic reddish-brown coloration 

(Torrent and Cabedo, 1986).  

Regardless of the origin of terra rossa soils from Eastern Spain, the ability to grow on 

alkaline-limed soil sets the Lmj lupine species apart from all other lupines, which preferentially 

or exclusively thrive in acid soils (Tang. 1993; Tang and Robson, 1995). However, within its 

area of distribution only a reduced number of small Lmj populations have been found. The 

climatic or edaphic factors within this region that restrict Lmj populations to the terra rossa soils 

of Eastern Spain, and there, only to small populations, are not known. Furthermore, given that 

legumes rely on their symbiosis with root-nodule bacteria, and since the presence of these 

symbiotic bacteria in the soil could potentially be a limiting factor (Botha et al., 2002; Ramirez-

Bahena et al., 2012). In the Valencia area, where natural Lmj populations are found, mature 

“terra rossa” soil is scarce and appears filling the cracks of weathered limestone. This severely 

hampers recovery of root systems and root nodules. However, by using trap plants, we were 

previously able to recover Lmj-specific bradyrhizobia that can form nitrogen-fixing root nodules 

from soil samples from the known Lmj plant patches. In this study, using a similar 

methodology, the presence of Lmj-nodulating bacteria has also been shown in samples of soils 

from outside the plant patches, such as 200 m away from the Llombai plant patch and from 

Lloma de Coca, the location of the field trials, although forming remarkably lower numbers of 

nodules than within the plant patches, where they may have been enriched by the symbiosis 

(Table 2.1). The low numbers of nodules observed may be explained by a long absence of Lmj 

plants and by low rhizobial survival rates in the soil.  

Although Lmj is nodulated by bradyrhizobia of very different genotypes, which even 

belong to different Bradyrhizobium species, no Lmj-nodulating bacteria were detected in terra 

rossa soils or alkaline red soils from other geographical locations in the Iberian Peninsula or 

Balearic Islands. This is consistent with the absence of Lmj lupines in these soils, possibly 

because of edapho-climatic differences with regard to those in the Valencia endemic region, and 

therefore the absence of selection for Lmj-specific bradyrhizobia. Our previous phylogenetic 
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analysis showed indeed that Lmj growing in the “terra rossa” alkaline soils of Eastern Spain 

specifically select particular subpopulations of endosymbiotic bacteria, which are 

phenotypically and phylogenetically different from bacteria nodulating Lupinus spp. thriving in 

acid soils (Vinuesa et al., 2005; Stepkowski et al., 2005, 2011; Jarabo-Lorenzo et al., 2003). In 

that respect, it is worth noting that traditional lupin rhizobia have long been known to be very 

sensitive to high pH (Amarger and Duthion, 1983), and that their numbers are very low in 

alkaline soils. This is consistent with the observed poor root growth and reduced nodulation of 

lupines at pH levels above 6.0 (Tang, 1993; Tang and Robson, 1995), for all tested species 

except Lmj. 

The presence of Lmj endosymbiotic bacteria from alkaline soils in Chiapas Mexico is a 

surprising results taking in to account the absent of Lmj strains in alkaline soils in Spain, 

including the surrounding population areas. At present we do not know the native host legume 

of these strains in Mexico. The results of the cross inoculation test showed that these strains are 

promiscuous, capable of nodular even Lupinus species of the old continent rhizobia, so they 

would not be restricted to a particular host. However, plans are already drawn to examine the 

ability of nodulation and nitrogen fixation of these strains in Acacia farnesiana and Prosopis 

sp., present at the sampling sites, as previous reports indicate that these legumes can establish 

symbiosis with Bradyrhizobium (Toledo et al., 2003; Jenkins et al., 1987). P22a and FP11 are 

the first bacteria isolated from Lmj plants that form part of the clade II phylogenetic group 

(Sanchez-Cañizares et al., 2011) and are not related with species that classically nodulate 

lupines; like B. canariense strains (Stepkowski et al., 2005). According with the MLSA, the 

Chiapas strains could be correspond at least a two new species inside of the Bradyrhizobium 

genus, one of them related to B. yuaminguense type strain, and the other without directly related 

type species. In the case of nodC gene, this two strains are together again, and when compared 

with the results that obtain in the first chapter its possible affirm that they are not 

phylogenetically related with strains that nodulate lupines. A very important result was obtained 

in the test of cross inoculation in which it was observed that some of the Chiapas strains (P22a 

and P19a) were capable that nodulate L. angustifolius and L. luteus (in the case of P22a) 

compared with the “native” endosimbiotic strains of Lmj plants (Chapter 1 Table 1.4), and 

preliminary results shows that P22a could have a host range much larger than we could define 

up now. Another interesting results it's the fact that regardless of the phylogenetic distribution 

possessing certain associated genes essential to symbiosis, for example in this case nodC, this 

has a direct relationship with the range of plants that they may nodulate, taking as an example 

the strains P22a and P19a are not directly related with the Lmj strains, even including two 

having similar nodC, not nodulate the same plants. 
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Symbiosis of the endangered Lupinus mariae-josephae lupin species: Successful “in situ” 
propagation with rhizobial inoculation. 
 

The capacity of lupines to establish a symbiosis with rhizobia and effectively fix nitrogen 

in root nodules helps these plants to thrive in nutrient-poor soils. As we present in the previous 

chapters lupines are nodulated by slow-growing bacteria classified within the Bradyrhizobium 

genus, and most of these strains broadly cluster within the B. japonicum lineage (Vinuesa et al., 

2005; Stepkowski et al., 2011).  

Lupinus mariae-josephae is an endemism from a small area in Valencia region (Spain) 

where it thrives in alkaline soils, a unique habitat for lupines. In these soils, Lmj grows in just a 

few defined patches, and previous conservation efforts directed towards controlled plant 

reproduction have been unsuccessful. Despite continued efforts by researchers from the Centro 

de Investigación y Experimentación Forestal (Quart de Poblet, Valencia), just only seven plant 

populations have been located, three of them along the last year, in the Valencia and Alicante 

provinces (unpublished results). Four of the plant populations were identified before 2006 in  

four geographic regions of Valencia province (Navarro et al., 2006; Fos et al., 2006). In order to 

protect the risk of disappearance of these patches most of these regions have been given a 

“microreserve” status for conservation of the species (Laguna et al., 2004). The Lmj endemism 

is present within an area of about 700 km2  (70,000 Ha) at an altitude of 200-400 m above sea 

level. However, within this area, as mentioned above, Lmj plants only grow in a very limited 

number of reduced-surface patches that contain a few hundreds of plant units (Fig. 3.1), and up 

to several thousand plants in years with optimal climate conditions (Navarro et al., 2006; Fos et 

al., 2006). 

 
Figure 3.1. Lmj plants growing in the cracks of weathered limestone, 
in its “terra rossa” natural habitat (Llombai, Valencia). 
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The reduced Lmj habitat and the plant’s characteristic soil chemical requirements place 

this lupine species in danger of extinction and emphasize the need for research directed towards 

its conservation. In this context, it was decided to take advantage of our knowledge of the Lmj 

symbiosis and of our collection of Lmj endosymbiotic bacteria, in order to explore the 

possibility of extending the growth area of Lmj plants to additional patches in the “terra rossa” 

soils of Valencia, and to other apparently similar soils in the Iberian Peninsula and Balearic 

Islands, thereby contributing to ongoing efforts directed to conservation of the species. As part 

of the present work, experiments leading to selection of efficient nitrogen fixing strains for 

inoculant production and in situ field trials with inoculated seeds were performed. 

 

3.1. Selection of efficient Lmj strains for inoculant production. 

 

Greenhouse tests were carried out with eight previously selected, Lmj-symbiotic strains 

representative of isolates from the four known Lmj plant patches (LmjC, LmjH2p from 

Llombai; LmjM1, LmjM3 from Monserrat; LmjG2, LmjG3 from Gandía; LmjX7, LmjX10 

from Xàtiva). Number of nodules, biological nitrogen fixation, and whole-plant dry weight were 

determined 6 weeks after inoculation, and results are shown in Table 3.1.  

 

Table 3.1. Evaluation of symbiotic efficiency of Lupinus mariae-

josephae bradyrhizobia strains. 

Strain 
Nodulation Δ 

(nodules/plant) 
BNF▼ 

Dry weight 
(gr /plant) 

LmjC 20.8 ± 1.5 a* 15.22 ± 1.85 a 7.85 ± 0.33 a 

LmjH2p 15.8 ± 1.5 ab 9.46 ± 1.47 b 5.05  ± 1.01 ab 

LmjM1 16.5 ± 0.6 ab 11.25 ± 2.62 ab 5.83 ± 0.78 ab 

LmjM3 19.8 ± 1.1 a 14.80 ± 2.95 a 6.40 ± 0.22 ab 

LmjG2 11.3 ± 1.0 b 5.82 ± 1.35 b 4.04 ± 0.67 b 

LmjG3 12.3 ± 1.3 b 7.30 ± 0.66 b 4.74 ± 0.58 b 

LmjX7 9.5 ± 1.4 b 3.06 ± 0.84 b 3.44 ± 0.67 b 

LmjX10 11.9 ± 1.1 b 3.71 ± 0.84 b 3.67 ± 0.97 b 
Δ  Plants were grown in Leonard jar units and inoculated with bacterial culture at similar 
concentration (10 ml of  107 – 108 cells/ml per unit). ▼ BNF: Biological Nitrogen 
Fixation, expressed as µmoles acetylene per hour and mg nodules ± standard error. * 
Means (± standard error) followed by different letters were significantly different (a= 
0.05) when compared by Fisher's LSD post-hoc test.  

 

Lmj strains LmjC and LmjM3 showed the highest efficiencies (15.22 ± 1.85 and 14.80 ± 

2.95, respectively) and the bigger number of nodules per plant (20.8 ± 1.5 and 19.8 ± 1.1 

respectively), as indicated by all three measured variables, and were thus chosen as inoculants 
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for field trials. Previous to their use in field trials, peat-based LmjC and LmjM3 inoculants were 

produced and tested under standard agricultural conditions in regular soils from the CIEF 

Experimental Station located in Valencia coast. This is a typical acidic-to-neutral agricultural 

soil area, where Lmj plant reproduction trials had previously been unsuccessful (data not 

shown). After inoculation with the selected Lmj strains, plants developed but did not reach 

maturity, and eventually wilted. Nevertheless, inspection of their root systems revealed the 

presence of few (5 to 10 per plant) reddish root nodules in the inoculated plants. No nodules 

were observed in inoculated control plants. 

 

3.2. Field trials. 

 

The field trial site is located in an area indistinguishable in its geo-botanic and edaphic 

characteristics from the Llombai Lmj plant patch area, but where no Lmj plants have previously 

been observed. Adverse edaphic conditions in the whole area made it impossible to set-up any 

properly designed experimental distribution. Instead, experiments were performed as described 

in detail in Material and Methods section (Fig. 3.2). Trials were carried out in four successive 

seasons (2010-2013 and 2014). 

 

 
Figure 3.2. Successive steps in field trial. A: spot with 3 germinated seedlings; B: sprout in a planted spot; C ripe plant with 
sheaths containing seeds. 

 

In the 2010/11 field trial, unseasonal frost decimated plants and no nodules could be 

recovered from deep, hard-to-reach root systems. However, the inoculant strains could be 

recovered using tramp plants from soils after the experiment, suggesting that both LmjC and 

LmjM3 had survived in “terra rossa” soils in the Lmj distribution area.  

 

Results from the 2011/12 and 2012/13 trials are shown in Table 3.2. In both trials, where 

ca. 90 pre-germinated seeds were planted, much higher plant survival (about double) and, 

specially, higher reproductive success (either pods or grain production) were achieved with the 

rhizobial inoculation. 

!
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Table 3.2. Effect of inoculation on Lmj seedling performance in field trials performed in two 

succesive seasons. 

Inoculant Seedlings 
sown % survival Pods▼ Average seeds 

per plant Total seeds 

Season 2011-2012 
LmjC 96 53 a* 4.37 ± 0.43 a 12.72 ± 1.24 a 649 
LmjM3 84 58 a 1.87 ± 0.09 b 4.65 ± 0.38 b 228 
Control 78 28 b 1.27 ± 0.09 c 2.59 ± 0.25 c 57 
 
Season 2012-2013 
LmjC 99 39 a 9.38 ± 0.85 a 26.20 ± 2.7 a 1,022 
LmjM3 99 33 a 2.54 ± 0.19 ab 5.39 ± 0.51 ab 178 
Control 99 16 b 1.56 ± 0.22 b 3.12 ± 0.83 b 50 
 
Season comparison 
F  17.69 6.44 4.37  
P  0.05 0.01 0.03  

▼ Mean per plant ± standard error (σ/√n). * Column values were analyzed independently for each season. Within a given 
season, those values followed by different letters were significantly different (a= 0.05) when compared by Fisher's LSD 
post-hoc test.  

 

However, there were significant differences between seasons for all variables studied 

(survival. pods per plant and seeds per plant) with F (P) values of 17.69 (0.05), 6.44 (0.01), and 

4.37 (0.03), respectively (Table 3.2). Therefore, the effect of inoculant strains was analyzed 

independently for each of the seasons. Clear differences in the inoculation response occurred in 

both seasons, especially with strain LmjC, with a higher response in 2012/13 for this strain. 

Here, inoculation resulted in over 20 times more seeds than the inoculated control. Some of the 

observations deserve a specific comment. First, strain LmjC plainly outperformed LmjM3 strain 

in both trials. In fact, for the 2012/13 season, the effect of LmjM3 inoculation on pod and seed 

yield was barely significant (Table 3.2), although inoculation clearly had a positive effect on 

survival. and thus in total seeds collected. A second observation is that, for the high-performing 

strain LmjC, survival and reproduction success were not correlated, since in the 2011/12 season 

viability was higher than in 2012/13, but seed production was lower. Both inoculants increased 

survival rates in a similar way, but plant vigor and biomass were much higher for LmjC-

inoculated plants (data not shown). This resulted in grain production that was higher by three- to 

six-fold in plants inoculated with LmjC strain, suggesting that LmjC is probably the inoculant 

of choice for further field trials. In summary, it can be pointed out that results shown in Table 

3.2 suggest that inoculation increases plant conservation. As it is particularly evident in the 

2012/13 season, grain production by plants inoculated with LmjC strain multiplied ten-fold the 

number of seeds planted (1,022 from 99), a high enough number to ensure population viability, 

clearly not the case with non-inoculated plants (50 from 99). A similar pattern (649 seeds from 

96; and 57 seeds from 78, respectively) was observed in the 2011/12 season. These results 
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support the idea that seedling inoculation can be an adequate strategy to increase conservation 

of an endangered legume.  

 

Additionally, it should be advanced here that in the case of the season 2014/15, the 

experiment is still under development, and data are not yet available. 
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3.3. Discussion. 

 

The results show that a successful reproductive cycle of Lmj lupine species outside the 

known plant patches in Valencia region was absolutely dependent on seedling inoculation with 

effective bradyrhizobia. Therefore, strategies addressed to promote its conservation were 

needed. As a first approximation to protect the known populations, “microreserves” promoted 

by the European Union (Laguna, 2004) have been established for some of them. Furthermore, 

given that legumes rely on their symbiosis with root-nodule bacteria, the presence of these 

symbiotic bacteria in the soil could potentially be a limiting factor for the conservation of the 

Lmj species (Botha, 2002; Ramirez-Bahena, 2012).  

 

The availability of a collection of Lmj symbiotic strains (Sanchez-Cañizares et al., 2011; 

Duran et al., 2013) allowed us to carry out symbiotic efficiency experiments in the greenhouse 

and select strains LmjC and LmjM3 as the most highly effective for in situ field inoculation 

experiments. The adverse edaphic conditions present in the Lmj growing area (Fig. 3.1), barred 

the set-up of any properly designed experimental distribution. Even with these shortcomings, a 

simple planting scheme, involving germinated seeds in appropriate spots (Fig. 3.2), showed, in 

two successive seasons (2011/12 and 2012/13) much higher survival and, especially with the 

LmjC strain, reproductive success upon rhizobial inoculation. Although both inoculants, 

LmjM3 and LmjC, increased survival rates in a similar way, plant vigor and biomass were 

significantly higher for LmjC-inoculated plants.  

 

There were clear differences in yields between seasons, and this can be explained by 

climate variables and biological traits of the plant (Aguilella et al., 2010). Even taking into 

account the interannual fluctuations of crop yields, the observed yield increase, ranging, from 

six to ten seeds per sown plant (with the LmjC inoculant), supports the hypothesis that the 

presence of appropriate bacterial symbionts in the soil is the main factor limiting expansion of 

the known, reduced Lmj plant patches. Therefore, the seedling inoculation strategy described in 

this work is appropriate for directed colonization of new areas with Lmj. With appropriate 

handling, this, in turn, will ensure conservation of the species. To our knowledge, this 

represents the first example documenting the possibilities of inoculation technology for the 

survival and recovery of an endangered legume species in its natural environment. Future 

monitoring of the newly funded populations will determine the feasibility of increasing the Lmj 

distribution area to other “terra rossa” and, perhaps more importantly, other basic soils, from 

which lupines, widely recognized as pioneer plants that play important roles not only for seed 

and forage, but also for ecosystem recovery, have so far been excluded. 

  



  Chapter 3 
 

 
  

75 

Results presented that plant inoculation with specific, symbiotically efficient rhizobia 

might be a worthwhile addition to conservation efforts for other endangered legumes. In most 

cases, this strategy would require, as for Lmj, the previous isolation and characterization of 

these specific rhizobia, and we are currently testing this concept with other endemisms, such as 

Astragalus nitidiflorus, a severely endangered legume from Southeastern Spain, previously 

thought to have become extinct (Martinez-Sánchez et al., 2011). 
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Genomic analysis of Lmj nodulating Bradyrhizobia strains: study of gene clusters 
involved in symbiosis and nitrogen fixation. 
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Genomic analysis of Lmj nodulating rhizobia strains: structure and identification of genes 

relevant for specific adaptation to different ecosystems 

 

           As described in Chapter 1, Lmj strains establish a diazotrophic symbiosis with different 

natives lupines. These bacteria present a divergent evolutionary history regarding the strains 

nodulating others lupines and a comparative genomics approach was performed. The 

Bradyrhizobium spp have a genome consisting of a single large chromosome, although the 

presence of plasmids has been reported in B. japonicum, B. elkanii and photosynthetic B. sp 

(Cytrym et al., 2008). A large fraction of their genomes are adaptive for instance plant-specific 

genes, required for symbiosis and nitrogen fixation are generally present in a genomic islands 

called symbiotic island (Sym) differing among isolates (Kaneko et al, 2002; Parker, 2012). 

Comparative genomics has been performed, focus in the comparison between close species; B. 

japonicum and B. diazoefficiens (Siqueira et al., 2014), in the symbiotic nitrogen fixation (Black 

et al., 2012) or in his relationship with pathogenic bacteria (Carvalho et al., 2010). 

 

In this study genome available in the data base used are (NCBI): Bradyrhizobium 

japonicum USDA 6T, B. diazoefficiens USDA 110T, B. elkanii USDA 76T, B. oligotrophica S58 

sp, B. liaoningense CCBAU 05525, B. yuanmingense CCBAU 25021, Bradyrhizobium sp 

BTAi-1, ORS 278, S23321 and WSM471.  

 

Additionally taking advantage of the great development in sequencing technologies (and 

the continues reduction in the cost) we select 20 strains: six strains from nodules of L. 

angustifolius (ISLU101), L. albus (ISLU_La35), L. cosentinii (ISLU12), L. hispanicus 

(ISLU21), L. luteus (ISLU8) and L. micranthus (ISLU13), 8 strains isolated from Lmj plants 

(LmjM1, LmjM3, LmjM6, LmjH2p, LmjG2, LmjL9, LmjTa10, LmjC and LmjL5), 5 type 

species from the Bradyrhizobium genus related with our bacteria and which genomes was not 

available in the data base (B. paxllaeri LMTR 13T, B. icense LMTR 21T, B. lablabi CCBAU 

23086T, B. jicamae PAC68T and B. canariense BTA-1T) and a strain from Lmj isolated from 

Mexican, soil: Chiapas (Table 4.1).  

 

The genomic sequence for the bacteria strains selected in this work were obtained 

employed Illumina technology, with the exception of LmjC and ISLU101 that were, in addition, 

sequencing employed 454 approach. 
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4.1. Sequencing of Bradyrhizobium Lmj strains and related bacteria. 

 

The general features for the genomes analyzed are included in the table 4.1. Between 33 and 

1513 contigs were obtained after the assembly with SPAdes 3.5.0 (Nurk et al, 2013). All 

genomes have a similar DNA size among the genomes there was similar to B. diazoefficiens 

USDA 110T around 9.0 Mb (7.9 to 10.1 Mb), a similar GC content (58.9 to 63.0%). The best 

assembly corresponds to LmjC strains, with a 33 contigs, with lengths of 500 bp or more. The 

number of genes, N50 and other genomic properties were calculated by Biotools package for 

Linux (CBS, TU Denmark); as a reference strain USDA 110T was used. And the number of 

theorical genes and the number of annotated only differed in 128 genes (1.5%) in the case of 

USDA 110T, most of them corresponding to hypothetical or unknown genes, generally with a 

small size. 

 
Table 4.1. General properties of Bradyrhizobium genomes  

Strain  Contigs 
number*  

Size 
(Mb) 

GC 
content 

Gene 
number** 

N50 
(bp) 

Longest 
contigs (Kb) 

Bradyrhizobium spp and reference strains      

B. diazoefficiens USDA 110 T 
 1 9.1 64.1% 8498  - - 

B. japonicum USDA 6 T 
 1 9.2 63.7% 8702 - - 

B. elkanii USDA 76T 25 (2) 9.1 
(0.36) 

63.8% 
(60.2%) 8553 180483

6  

B. lablabi CCBAU 23086 T 
 186 8.8 63% 8575 160353 408 

B. paxllarensi LMTR 13 T 175 8.2 62% 7979 127434 335 

B. retamae Ro19 T 
 367 8.3 62% 8470 137058 524 

B. icense LMTR 21 T 
 146 8.3 62.5% 7865 169170 618 

B. jicamae PAC68 T 
 339 8.4 62.5% 8565 92085 238 

B. canariense BTA1T 334 8.6 61.8% 8400   

B. oligotrophica S58 T 1 8.3 65.1% 7164 - - 

B. liaoningense CCBAU 05525 1040 8.1 62.9% 8432   

B yuanminguense  CCBAU 25021 490 7.9 63.1% 7841   

B. sp BTAi-1 2 8.3 
(0.2) 

64.9% 
(60.7%) 

7442 
()   

B. sp ORS 278 1 7.5 66.2% 6675 - - 

B. sp S23321 1 7.2 64.3% 6834 - - 

B. sp WSM471 2 (1) 7.8 63.4% 7286 664591
1 6645911 
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Strain  Contigs 
number*  

Size 
(Mb) 

GC 
content 

Gene 
number** 

N50 
(bp) 

Longest 
contigs (Kb) 

Lmj strains       

B. sp LmjC 33 8.3 62% 7983 900087 1,510 

B. sp LmjG2 615 10.1 61.0% 10342   

B. sp LmjL5 259 8.2 61.0% 7911   

B. sp LmjH2p 267 8.4 62% 8396 97264 450 

B. sp LmjM3 T 
 367 8.9 62% 8884 72962 347 

B. sp LmjM6 390 8.8 62% 9070 107340 322 

B. sp LmjTa10 487 9.6 61.2% 9791   
       

Other Lupines strains       

B. sp ISLU101 147 8.3 63% 8146 152984 404 

B. sp ISLU8 307 8.3 60.6% 8934   

B. sp ISLU12 1513 8.8 61.6% 9382   

B. sp ISLU13 373 7.9 58.9% 7730   

B. sp ISLU21 242 8.3 60.9% 7967   

B. sp ISLU_La35 275 8.6 61.4% 8276   
* (>200nt) **(prodigal) LmjL9 and LmjM1 genomes were sequenced, but the quality of the sequence allowed his use in some of the 
calculations and determination. 

 
 

Interestingly 5 extrachromosomal replicons were identified by searching repABC genes, 

common to most rhizobial plasmids for replication and stability (Downie and Young, 2001). 

Genomes average size is 8,3 Mb containing around 8 thousand genes found in Lmj strains in 

only one chromosome. In the case of ISLU strains some of them posses a second replicon. The 

genes and protein content was predicted employed the Biotools software. The GC content was 

very similar among genomes with values around 63%, the avg. Gene length (bp) is around 800 

nt.  

 
 
4.2. Genome comparison of Bradyrhizobium strains. 
 
 
The Genomic homology among lupine strains, including Lmj strains, and species of the genus 

Bradyrhizobium was calculated by of the Average of Nucleotide Identity (ANI). Genomic 

sequences were used for ANI-MUMmer (ANIm) calculations with the JSpecies package 

(Richter and Rosello-Mora, 2009). Distances were calculated as 1-ANIm and trees computed by 



  Chapter 4 
 

82 
 

the UPGMA method (Sneath and Sokal, 1973). The resulting tree is shown in Figure 4.1 and is 

very similar that those obtained by MLSA (see figure XX, chapter 1). Again two different and 

separated groups of bacteria were observed including the Lmj strains, B. paxllaeri LMTR 13T, 

B. retamae Ro19T, B. icense LMTR 21T, B. lablabi CCBAU 23086T, B. jicamae PAC68T and B. 

elkanii USDA 76T, and the second one containing all the isolates from the other Lupines; 

ISLU101, ISLU12, ISLU21, ISLU5, ISLU8, ISLU13 and ISLU_La35, related with B. 

canariense BTA-1T and B. sp WSM471.  

 

 
 
Figure 4.1. Genomic homology among species/strains within the genus Bradyrhizobium including lupine 
strains. Average Nucleotide Identity was calculated by the MUMmer method (ANIm; reference) from genomic 
sequence data obtained from public databases or from this work. Distances were calculated as 1-ANIm and trees 
computed by the UPGMA method using the MEGA 5 package. The resulting optimal tree is drawn to scale, with 
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. 
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This group includes also the species: B. diazoefficiens USDA 110T and B. japonicum USDA 6T, 

some strains of B. liaoningense and B. yuanmingense. The Mexican strain P22a its close to B. 

yuanmingense. Finally tree photosynthetic B. sp are grouped together outside and set apart from 

other strains fro known Bradyrhizobium groups.  

Considering the values of identity obtained and that values below 95-96%, correspond to 

different species, LmjM3 and LmjM6 (99.25%) correspond to the same species, the same 

happens with strains LmjH2p and LmjG2 (96.28%) and with LmjC and LmjL5 (96.46%). In 

addition strains ISLU101, ISLU8, ISLU12, ISLU13 and La35 belongs to the same species. 

ISLU21 would be a B. canariense species (98.75%)  

4.2.1. Core and pan genome analysis Bradyrhizobium strains. 

 

The core-genome (genes present in all genomes) and pan-genome (conserved set of genes 

families across all genomes) of Bradyrhizobium strains analyzed in this work is showed in 

Figure 4.2 Sequences have been compared using blast and 50% of identity is the value 

considered minimum as a cutoff for clustering into one genes family, a protein family includes 

proteins from all compared genomes.  

 

 
Figure 4.2. Pan and core genome analysis. The blue line indicated the cumulative set of all genes present shared 
across genomes (pan-genome) and the conserved set of genes families across all genomes (core-genome). The 
number indicated the different genomes employed and correspond to:  
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The core-genome of all bradyrhizobia strains analyzed is 1927 genes, 2219 when the 

photosynthetic bradyrhizobia are not included, 3420 when only Lmj strains are considered. The 

number of genes that form the pan-genome clearly is greater than 48000. The pan-genome 

obtained with 34 genomes is 48314 genes or family genes deduced.  

 

4.2.2. Comparison of proteomes from genomes of Bradyrhizobium strains. 

 

In order to compare proteins encoded by Bradyrhizobium genomes a BLAST matrix was 

obtained considering homologous protein sharing > 50% aminoacid conserved in it class and 

50% of the sequence. The strains included in the phylogenetic clade I defined in the Figure XX 

(chapter 1) and by the average nucleotide identity (Figure 4.1) posses similar proteomic 

identities. Paralogs (at least 50% of the sequence) are more abundant in LmjC, LmjM3 and 

LmjM6 strains. 
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Figure 4.3. Homology between proteomes of sequenced Bradyrhizobium strains. The figure represents the 
relative percentage of gene families preserved between Bradyrhizobium strains referred to the total number of 
families present. The percentage is used as a basis for the color intensity (Binnewies et al.,  2005). This BLAST 
matrix protein comparison performed using BLAST to define homologs is 50 % of the longest gene. Internal 
homology (paralogs) is defined as proteins within a genome matching the same 50-50 requirement as for between-
proteome comparisons. Self-matches are here ignored 
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4.3. Lmj strain analyses. 

 

A representative of four Lmj genospecies; LmjH2p, LmjTa10, LmjM3, LmjC and P22a were 

selected for a deeper comparative genomic, and in detail genome properties of LmjC are 

indicated.  

 

4.3.1. LmjC genome properties. 

 

B. sp LmjC was sequenced using Roche and Illumina technologies and result in the best 

assembly with a total of 33 contigs corresponding to a high quality genome draft. LmjC genome 

encodes 7983 transcripts, 76.2% of them star with ATG site, 47 are tRNA and 3 rRNA, The GC 

content is 62%, similar as most bradyrhizobial genomes (Kaneko et al, 2002, 2011, Iida et al 

2015, reference). Genes have been identified using Glimmer, through the Manatee annotation 

pipeline from the Institute of Genome Sciences (Baltimore, MD). Predicted genes are being 

manually annotated to improve the automatic annotation achieved by this pipeline and a second 

annotation was carried out using Rapid Annotation using Subsystem Technology RAST 

(version 2.0). Distribution and the functional categories are summarized in the Figure 4.4.	  	  
 

 
Figure 4.4. Distribution of functional categories over LmjC complete proteome??. 

 

The majority of the genes (around 50%) are hypothetical proteins and proteins of unknown 
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(134) and integrases (7). Among those proteins with an assigned function, a large number of 

proteins are transport and binding proteins (783 proteins), being the majority of them ABC 

transporters; proteins devoted to synthesis of cell-surface polysaccharides (718 proteins), 

regulatory functions (608 proteins), and energy metabolism (408 proteins) (Figure 4.4). There 

are also several genes involved in nitrogen metabolism and symbiotic nitrogen fixation.  

!

Two comparative analyses are shown; comparison 1, 4 Lmj genospecies (LmjC, LmjM3, 

LmjTa10 and LmjH2p) and P22a, and in the second comparison LmjM3 and bradys from other 

host (B. lablabi CCBAU 23086T, B. jicamae PAC68T, B. diazoefficiens USDA 110T and B. sp 

ISLU101) were employed. 

 

In a first approach, comparing 4 Lmj genomes from the four genospecies showed in the ANIm 

calculation and P22a strain It was observed a high number of family genes, 3405 (around 50%) 

shared among the five genomes (Figure 4.5), pan-genome among Lmj genomes is from 1019 – 

1887, while P22a, a Mexican strains that nodulate Lmj has 3245. Core-genome of Lmj strains is 

composed by 1390 common genes. 

 

 
Figure 4.5. Venn diagram comparing Family genes content in the representative Lmj strains sequenced. This 
picture shows matrix (Venn diagrams) to identify whether two proteins are shared between genomes. Two proteins 
are considered to be in the same family if 50% of the alignment consists of identical matches and the length of the 
alignment is 50% of the longest gene 

 

The number of singletons (family genes found in only one species) is variable, with a high 

number in the case of P22a (3245) and the fewest in the case of LmjC, the four Lmj strains have 

a big number of common family genes (around 20%). 
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We subsequently performed a second comparative analysis using LmjM3 and B lablabi and B. 

jicamae type strains belonging to the same clade (Figure 4.1), B. diazoefficiens USDA 110T and 

B. sp ISLU101, as a ISLU example (Figure 4.6). The number of singletons is around 20% and is 

varies between 1292 from B. lablabi and 1999 for LmjM3. In the case of core-genome, 3634 

genes were commonly conserved in all five strains. This group contains essential genes 

indispensable to support bacterial cellular life, in addition to genes involved in nitrogen fixation 

and interactions with the host. The number of genes conserved between PAC68T, CCBAU 

23086T and LmjM3 is 805. This is significantly larger than the 54 genes shared between these 

three and USDA 110T or 106 common with ISLU101 however USDA 110T and ISLU101 have 

808 genes in common. 

!

 
Figure 4.6. Venn diagram comparing Family genes content between LmjM3 and other Bradyrhizobium 
strains.  
 

4.3. Genomic identification and comparison of genes from Bradyrhizobium strains involved 

in symbiosis and in nitrogen fixation in L. mariae-josephae. 

 

Genes responsible of the production of signaling molecules knows as nodulation factors (nod 

genes) and genes required for nitrogen fixation (nif and fix genes) are a essential elements for 

symbiosis were compared from genomic data of different Bradyrhizobium strains. It’s widely 

known that Bradyrhizobium strains grouped symbiotic genes inside of genomic islands (GI), 

regions that form syntenic groups of multiple accessory genes encoding diverse functions and 
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characteristics (Juhas et al, 2009). The Acquisition of these islands allows soil bacteria to 

interact with host plants. 

 

4.3.1. Cluster of nodulation genes (nod) 

 

The symbiotic process is initiated by a molecular recognition event involving both symbiotic 

partners. Briefly, legume roots exudate flavonoid molecules able to induce, in most cases, 

expression of nodulation genes (nod) in specific rhizobia. These genes lead to production of 

specific lipochito-oligosaccharides named Nod factors. Nod factors are in turn recognized by 

plant kinase receptors, triggering a nodule formation developmental program. A correct Nod 

factor chemical structure is required for induction of a particular plant response. In chapter 1, 

nodA and nodC genes from Lmj strains grouped in two different lineages, different those of 

bradyrhizobia nodulating other lupines. However there is not a correlation between these strains 

from different lineages and behavior in cross-inoculation tests. The nod gene nolA-nodD2(1)-

nodD1(2)-ABCSUIJ-nolNO-nodZ are conserved as a single cluster in Lmj strain analyzed 

(LmjM3, LmjL5, LmjL9, LmjH2p, LmjC, LmjTa10, LmjM6 and LmjG2). In Figure 4.7 a 

phylogenetic distribution of concatenated genes from nod cluster (12 gene, without intergenetic 

sequence) is presented.  

 
Figure 4.7. Phylogenetic tree based on 12 concatenated genes. 9190 nt corresponding to nolA-nodD2(1)-
nodD1(2)-ABCSUIJ-nolNO-nodZ  were employed to make a NJ phylogenetic tree. 

 
Two groups of nod genes were observed, similarly to the result showed in Figure XX. One 

group contains only strains: LmjL5, LmjL9, LmjH2p and LmjC from Llombai, 100% of 

bootstrap support. The second group include strains from Monserrat (LmjM6 and LmjM3); 

Gandía (LmjG2 and LmjTa10) and the strains B. lablabi CCBAU 23086T and B. jicamae 

PAC68T.   
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According with the results presented in the Figure 4.7, the strain P22a possesses a different set 

of nod genes, more related to B. diazoeffieicns USDA 110T and B. elkanii USDA 76T strains. 

The nod genes from ISLU strains grouped together and are related with the nod cluster of B. 

canariense type strain. When the phylogenetic analysis is made using the same genes plus the 

intergenetic sequences a similar result was obtained, with two differences; P22a group with the 

Lmj strains, in the clade B, and B. canariense BTA-1T its placed closer the Lmj strains but away 

from Lmj and ISLU strains.  

 

The genetic organization of the nod cluster (Figure 4.8) from Lmj (represented by LmjC),  

ISLU (represented by ISLU101 strain) and USDA 110T is conserved. However there are some 

differences nodY is only present in B. diazoefficiens USDA 110T, in the equivalent place is a 

putative gene in strains ISLU101. Also nolM gene is absent in Lmj and ISLU strains, and nolN 

and nolO of USDA 110T are codified in a single gene in Lmj and ISLU strains 

 

 
Figure 4.8. Genomic organization of nod gene cluster. LmjC represent Lmj strains and  ISLU101, ISLU strains. 
Red color indicate nod genes, yellow for the nif gene, green for the fix genes and brown for nol genes.  
 

LmjM3 and LmjC nod gene sequence conservation showed a high degree of homology, with a 

duplication in the region that correspond to nodD1/nodD2 and with some regions, intergenetic 

region, without homology (Figure 4.9). 

 

 
Figure 4.9 Conservation of nod gene cluster between LmjM3 and LmjC strains. The red color indicates 
conserved DNA region. 
 

Other main difference between LmjC and LmjM3 clusters is in region between nodD and nodA, 

in the case of LmjC, the intergenetic region between nodD and nolA, and between nodJ and 
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nolNO are bigger. When LmjC and LmjM3 are compared to USDA 110T (Figure 4.10), we 

observe that the proportion of region with homology decreases. The higher differences 

correspond to intergenetic regions, and a partial duplication of the nodD genes is observed. 

 

 
Figure 4.10 Conservation of nod gene cluster between LmjM3, USDA 110T and LmjC.  
 
Finally when analyzed this region in the case of ISLU strains, these strains possess a highly 

conserved nod region, including the intergenetic region, and when compare with LmjC and 

LmjM3 strains (Figure 4.11) we have a similar results that showed in the Figure 4.10. 

 

 
Figure 4.11 Conservation of nod gene cluster between LmjM3, ISLU101 and LmjC.  
 
 

4.3.2. Clusters of fix genes in Lmj and ISLU strains 

 

Fix genes are separated in two clusters; one, fixR-nifA-fixA, adjacent nod cluster 800 bp 

downstream in LmjC, LmjH2p, LmjL5 and LmjL9 from the clade A (Figure 4.8). In the case of 

strains in the clade B (LmjM3, LmjM6, LmjTa10, LmjG2, PAC68T and CCBAU 23086T) are 

5500 nt downstream. The second cluster is formed by fixK2, fixLJ, (fixK1)fixNOPQ, fixGHIS 

genes (Figure 4.12).  
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Figure 4.12. Genomic organization of the fix gene cluster. LmjC represents Lmj strains, ISLU101 represents 
isolates from other lupines. USDA 110 was used as reference. Yellow color indicate the nif gene, green for the fix 
genes. 
 

The bioinformatics search for fix genes identified a second full copy of  second cluster (Copy B) 

in LmjC and LmjH2p, with the same genetic organization. In the case of the small cluster the 

phylogenetic relationship was the same that we observed in the case of nod cluster (Figure 4.7). 

The phylogenetic analysis of the second cluster (with and without intergenetic region) showed a 

similar distribution that for the nod genes (Figure 4.13), however B. lablabi and B. jicamae 

strains grouped together in a separated cluster of Lmj strains. ISLU strains grouped together 

close to B. canariense BTA-1T and P22a strains.  

 
Figure 4.13. Phylogenetic relationship of fix cluster genes from Bradyrhizobium strains. 11574 nt corresponding 
to fixK2, fixLJ, (fixK1)fixNOPQ, fixGHIS were employed to make a NJ phylogenetic tree.  
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When genetic homology was analyzed, the region between fixL and fixN of LmjC and LmjM3 

showed no homology with USDA 110T (Figure 4.14). In the case of the second copy of the fix 

genes, this it’s complete homologous to the sequence in USDA 100T (Figure 4.15) 

 
 

 
Figure 4.14 Genetic homology of fix gene containing DNA from LmjM3, USDA 110 and LmjCa. red color 
indicates DNA conservation .  
 

 
Figure 4.15 Genetic homology of fix gene containing DNA from LmjM3, USDA 110 and LmjCb. red color 
indicates DNA conservation . 
 

4.3.3. Clusters of nif genes in Lmj and ISLU strains 

 

The phylogenetic distribution of nif genes from Lmj and related strains showed similar results 

that those observed with nod and fix genes (Figure 4.15), where de Lmj strains are separated in 

two clusters, one related to B. lablabi CCBAU 23086T; Cluster B. In the case of ISLU strain, 

again, are closely related to B. canariense BTA-1T 
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Figure 4.15. Phylogenetic relationship of nif cluster from Bradyrhizobium strains. 12806nt, nifDKENX-nifST-
nifB-nifZ-nifHQW-fixBCX  genes, were employed to make a NJ phylogenetic tree.  
 
Nif genes of Lmj strains are separated in two groups, one related to B. lablabi CCBAU 23086T, 

and boths closely to B. jicamae PAC68T. The genomic organization of nif cluster is: nifDKENX-

nifST-nifB-nifZ-nifHQW-fixBCX genes (Figure 4.16).  

 
Figure 4.16. Genomic organization of the nif gene cluster. LmjC represents Lmj strains, ISLU101 represents 
isolates from other lupines. USDA 110T was used as reference. Yellow color indicate the nif gene, green for the fix 
genes. 
 

All the Lmj strains present the same genetic organization with a wide intergenetic region 

between nifDKENX and nifST. The nif genes organization in ISLU strains is more similar to 

USDA 110T. 
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4.4. Presence of plasmids in Bradyrhizobium strains nodulating Lupinus spp.  

  

Rhizobia can be classified according to their growth rate: fast, intermediate and slow growers. A 

general feature of the two first groups is that they contain plasmids. Genes involved in 

nodulation and nitrogen fixation are often located in one of these plasmids  (pSym; Merrick and 

Edwards, 1995). Plasmid sizes range from 180 kb in Rhizobium leguminosarum bv. trifolii, to 

1.35 Mb in Sinorhizobium meliloti (Mercado-Blanco and Toro, 1996, Barnet et al, 2001). In 

contrast, the slow growers represented by genus Bradyrhizobium, present few examples of 

strains carrying plasmids and the symbiotic genes are normally located in a chromosomal 

specific region called symbiotic island (Sawada et al.,  2003). Some of these strains belong to B. 

japonicum, B. elkanii or B. diazoefficiens have one to four plasmids ranging from 74 to 294 kb 

(Gross et al.,  1979, Masterson et al.,  1982, Cytryin et al.,  2008, Iida et al.,  2015). Sequences 

of two B. sp. strains containing one plasmid each are available. Plasmid pBTAi1, from strain 

BTAi1, does not contain symbiotic genes (Cytryin et al.,  2008), the other pDOA9 from strain 

DOA9 is a symbiotic plasmid (Okazaki et al, 2015). There was no evidence of extensive 

synteny between them. Sequence of B. diazoefficiens NK6 has been obtained recently and 

contains four plasmids without nif and nod symbiotic genes (Iida et al.,  2015). 

 

4.4.1. Search of plasmids in genomes from Lupinus strains 

 

The draft genomic sequences allowed us to investigate the presence of plasmids from Lupinus 

strains belonging to the Bradyrhizobium genus. The finding of repABC cluster by BLAST 

analysis using these genes from pBTAi1 as reference, was considered as evidence for the 

presence of plasmids. The repABC genes are required to maintain and replicate properly 

plasmids in several rhizobia and are widely distributed and conserved in a-proteobacteria 

(Ramirez-Romero et al.,  2000, Cevallos et al.,  2002; Stiens et al.,  2006; Watson and Heys, 

2006). The repABC gene cluster has been found in symbiotic megaplasmids (Ramirez-Romero 

et al.,  2000), in the Ti plasmids of Agrobacterium strains (Li and Farrand, 2000) and in the 

second chromosome in the animal pathogen Brucella (Paulsen et al.,  2002). The analysis 

revealed the presence of one extrachromosomal replication origin in strains: ISLU101 isolated 

from L. angustifolius, ISLU8 (L. luteus), ISLU_La35 (L. albus), ISLU12 (L. cosentinii) and 

ISLU13 (L. micranthus). 

 

Additionally repA gene was detected in 91 strains isolated from different native Lupinus  

thriving in distinct geographical locations along the Iberian Peninsula by Southern blot using 

ISLU101 repA gene amplification as probe (Figure 4.17). Lmj strains are assumed to contain no 

plasmids because no repABC similar replicon was identified in the 9 sequenced strains which is 
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consistent with the negative result in the Southern blot using ISLU101 repA gene amplification 

as probe and with the negative result in the Eckhart gel.  

 
Figure 4.17. repABC gene cluster in Brayrhizobium sp. ISLU 101 strain.  
 

A phylogenetic analysis of repABC gene sequences was carried out. To provide a greater 

number of samples repABC genes were amplified by PCR from 13 positive strains in the repA 

Southern blot analysis. A search for repABC from Bradyrhizobium strains in databases 

identified these genes in the single plasmid of B. elkanii USDA 76T, B. sp. BTAi1, and B. sp 

DOA9 strains and in the four plasmids of Bradyrhizobium diazoefficiens NK6 strain (Iida et al.,  

2015) (Figure 4.18).  

 
Figure 4.18. Phylogenetic tree of repABC gene cluster from rhizobia. 2672 nt (repA+repB+repC) were employed 
for the analysis. Sequences from fast growers strains and from the plasmid of B. sp. DOA9 are collapsed in a black 
triangle for better clarity. Collapsed strains and number of plasmids containing repABC (in brackets) are: M. loti 
MAFF 303099 (2), S. meliloti 1021 (2), R. etli CFN42 (6), R. leguminosarum bv. viciae 3841 (6), S. fredii NGR234 
(1) and R. tropicci CIAT 899 (2)  
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The phylogenetic tree showed that all repABC sequences from ISLU strains except from 

ISLU40 grouped in a unique monophyletic group, related to B. sp. BTAi1 plasmid. ISLU40 

sequence is clustered in a different branch with repABC of plasmid “a” from Bradyrhizobium 

diazoefficiens NK6 strain. All the above sequences were separated from plasmids of fast 

growers rhizobia that form a group with repABC from the plasmid of B. sp DOA9. 

 

4.4.2. pISLU101 characterization. 

 

The presence and size estimation of the plasmid of ISLU101 strain was confirmed by Eckhart 

gel, where R. etli CFN42T, harbouring 5 plasmids, was used as reference. According with the 

gel (Figure 4.19.A) the size of the plasmid was of about 380 kb. A Southern blot using a repA 

probe demonstrated that this plasmid contains repABC replicon. Approximately 250 kb of the 

sequence of this plasmid were obtained from the assembled genome draft. Among the genes 

contained in this DNA fragment, a complete type IV secretion system gene cluster was 

identified, and its potential function is under investigation. Functional categories for the genes 

encoded in DNA assigned to the plasmid are indicated in the Figure 4.19.B.  

 

 

           
  
 
Figure 4.19. (A). Eckhart gel and plasmid profile of the indicated strains. (B)  Functional categories encoded 
by DNA assigned to pISLU101. 
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4.5. Discussion. 

 

The general characteristics observed in genomes of Lupinus strains of the Iberian Peninsula, as 

size, GC content and number of genes are similar to other available Bradyrhizobium genomes 

(Kaneko et al 2002, 2011; Okubo et al, 2013; Iida et al 2015). LmjL9 and LmjM1 drafts 

genome sequences were used only to perform a ANIm calculation because of the poor quality of 

the obtained sequences. ANIm calculations suggest at least the presence of four new 

Bradyrhizobium genospecies (A-D): LmjM3 and LmjM6 (A), LmjH2p and LmjG2 (B), LmjC 

and LmjL5 (C) in the case of Lmj strains, and a fourth that included: La35, ISLU12, ISLU8, 

ISLU13 and ISLU101 (D). Comparative analysis of bradyrhizobial genomes indicated that 

around 1,927 genes would conform the core genome of Bradyrhizobium genus containing basic 

and essential functions. The pan-genome is formed by a higher number of genes probably 

greater than 45,000 looking at the shape of the pangenome line in Fig. 4.2 Moreover the 

BLAST matrix protein comparison performed showed two clear groups of proteins 

corresponding to Lmj strains and strains from the other lupins in agreement with the 

phylogenetic results of Figure chapter 1 and ANIm. The number of genes in common among 

Lmj strains is (3405+1390), this number is reduced 70% if strain P22a is included, indicating a 

separated phylogenetic lineage for Lmj strains. 

When LmjM3, ISLU101, and reference strains USDA 110T, PAC68T and CCBAU 23086T were 

compared, it is observed that LmjM3 is more related to B. lablabi and B. jicamae than to 

ISLU101 (805 and 108 genes in common respectively). ISLU101 is closer to USDA 110T. This 

global protein analysis is in line with the phylogenetic results obtained with 3 housekeeping 

genes (Figure chapter 1). 

 

Moreover, phylogenetic trees based on the concatenation of symbiotic genes nod, fix and nif 

showed similar grouping of the Bradyrhizobium strains: Lmj symbiotic genes are clearly 

separated from ISLU genes but are close to B. lablabi and B. jicamae; Lmj symbiotic genes are 

distributed in two groups named A and B. Group A contains LmjM3 and is close to B. lablabi 

and B. jicamae. These results are similar to the results presented in Fig. XX generated with 

nodC gene, indicating that nodC phylogeny is very informative about the phylogeny of the 

symbiotic genes. It can be noted that symbiotic and housekeeping genes present different 

evolutionary histories as has been previously reported (CITA). Symbiotic genes of ISLU strains 

are always related to B. canariense. The genes of strain P22a are placed independently of Lmj 

and ISLU strains particularly for nod and nif genes 

 

The genetic organization of the nod genes is the same in the Lmj strains although two groups are 

observed in the phylogenetic analysis. The more relevant difference regarding USDA 110T are 
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a) the absence of nodY in Lmj strains, this gene has been found exclusively in Bradyrhizobium 

strain but not in all (Menna and Hungria, 2011) b) the absence of nolM in Lmj strains and c) 

nolN and nolO encoded by the USDA 110T are codified as a unique gene in Lmj. The average 

similarity of nod genes between Lmj and USDA 110T is about 47%. nodD is duplicated in the 

nod clusters of Lmj and USDA 110 strains but not in ISLUs. A wider study of the genomic 

sequence for nod genes outside the identified nod cluster allow the identification of nolL gene 

only in the ISLUs strains (Hay nolL en todas las ISLUS???), putatively encoding a Nod factor 

fucosyl acetyl transferase. Production of different Nod factors could explain, at least partially, 

the differential symbiotic phenotype observed in cross-inoculation tests comparing Lmj and 

ISLU strains (Sánchez-Cañizares et al., 2011). 

 Two nif/fix gene clusters have been identified, one comprises nifDKENX-nifST-nifB-nifZ-

nifHQW-fixBCX and the other fixR-nifA-fixA, the second one is near the nod cluster. A third fix 

gene cluster  (fixK2, fixLJ, fixNOPQ, fixGHIS), which would be essential for symbiotic 

respiration is located elsewhere in the genoma. Two copies of this cluster were found only in 

strains LmjC and LmjH2p but no in other Lmj analysed strains, one with a high degree of 

conservation in all Lmj strains and the second similar to PAC68T and CCBAU 23086T fix 

clusters. In USDA 110T and USDA 6T, this cluster is placed outside of the symbiosis island 

(Kaneko et al, 2011). In the case of Lmj strains, according to the GC values (61%), probably the 

first copy is part of the symbiotic island.  

All symbiotic genes studied (nod, nif, and fix) would be part of a symbiotic island (except for 

the second copy of fix) according with the GC percentage (59%) different of average 63% 

??????, as it has been described for the  Symb island of USDA 6T (Kaneko et al, 2011).?? 
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Definition and characterization of a new species of Bradyrhizobium isolated from 
effective of Lupinus mariae-josephae: Bradyrhizobium valentinum. 
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102 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Chapter 5 
 

103 
 

Definition and characterization of a new species of Bradyrhizobium isolated from effective 
nodule of Lupinus mariae-josephae: Bradyrhizobium valentinum.  
 

Lmj strains are different from any strain from other Lupinus spp according with the 

phylogenetic analysis of concatenated housekeeping genes, recA, atpD and glnII (Chapter 1), 

and the genomic information calculated as Average Nucleotide Identity (ANIb) using draft 

genomic sequences (Chapter 4, Fig. 4.1), suggested that Lmj strains isolated from effective 

nodues of Lmj plants represent a new Bradyrhizobium species, that are mostly part of a 

heterogeneous group. Generally, Lupinus spp. are nodulated by slow-growing rhizobia strains 

classified in the genus Bradyrhizobium (Barrera et al, 1997), closely related to B. japonicum and 

B. canariense lineages.  

 
In the present chapter we perform an in-depth analysis of a particularly group of Lmj strains 

(LmjM3, LmjM6, LmjM2) in a new Bradyrhizobium species, for which the name 

Bradyrhizobium valentinum sp. nov. was proposed (Type strain LmjM3T, CECT 8364T, 

LMG2761T) 

 
5.1. Phylogenetic analysis  
 
Over a one hundred isolates were initially grouped by M13-RAPD profiles (chapter 1) and 

representatives were phylogenetically characterized and classified according with his assigned 

to coherent diversity groups (Duran et al, 2013). 16S rRNA gene sequences previously obtained 

for Lmj strains and a relevant related strains available in the data bank were aligned using the 

SINA alignment service from the SILVA database (http://www.arb-silva.de/aligner) (Pruesse et 

al, 2012), and protein coding gene sequences were aligned using ClustalW software (Thompson 

et al, 1997). The distances were calculated according to Kimura’s two-parameter method 

(Kimura 1980). Phylogenetic trees were inferred using the neighbor-joining (NJ) (Saitou and 

Nei, 1987), maximum parsimony (MP) ( Felsenstein , 1983) and maximum likelihood (ML) 

(Felsenstein, 1981) methods. The software package MEGA5 (Tamura  et al 2011) was used for 

all the phylogenetic analyses, with bootstrap analyses based on 1,000 subsets, except for ML 

trees, which were constructed using the PhyML 3.0 package (Guindon et al, 2003) with 100 

pseudoreplicates. The best nucleotide substitution model for the ML trees was determined with 

jModelTest 2.1.1 (Darriba et al, 2012; Guindon and Gascuel, 2003)  

 
Analysis of 16S rRNA genes of LmjM2, LmjM3 and LmjM6 strains showed that they are 

>99.8% identical, clustered with B. lablabi CCBAU 23086T, B. icense LMTR13T and B. 

paxllaeri LMTR21T (99.7, 99.8 and 99.8% identity respectively in relation with LmjM3) and 

related to B. elkanii USDA 76T, B. pachyrhizi PAC48T and B. ferriligni CCBAU 51502T (99.4, 
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99.4 and 97.5% identity respectively), finally, B. jicamae PAC68T, B. erythrophlei CCBAU 

53325T, ‘B. retamae’ Ro19T and B. neotropicale BR 10247T are part of the same clade. When 

the 16S rRNA gene sequences of type strains from clade I of Bradyrhizobium species were 

compared with that from LmjM3T, the exhibited identity values were lower than 97.6%. 

 
Figure 5.1. Phylogenetic tree based on the 16S rRNA. sequences (XXX nt) showing the relationships of strains of 
Bradyrhizobium valentinum sp. nov., related species within the Bradyrhizobium genus and type species of other 
genera within the Bradyrhizobiaceae. Bootstrap values greater than 70% are indicated at nodes. Bar represents 1% 
substitution. The 16S rRNA sequence of Bosea thiooxidans DSM9653T was used as outgroup.  

 
Due to the very high (>99%) identities observed among 16S rRNA gene sequences from species 

within Clades I and II, analyses of other genes are required (Tindall et al, 2010) as already 

mentioned in chapter 1. Within the Bradyrhizobium genus, the recA, atpD and glnII genes have 

been proposed for species delineation (Menna et al, 2009). Multilocus sequence analysis of 

concatenated recA, glnII and atpD partial gene sequences by either NJ, MP or ML methods 

gave similar clustering of strains and branching order. Figure 5.2. shows a NJ tree with LmjM3 

strain group in a branch (100% boostrap) with high internal identity (> 99.5%).  
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Figure 5.2. Neighbor-joining tree based on partial (1,332 nt) concatenated sequences of atpD, glnII and recA genes. 
Sequence of Bradyrhizobium valentinum LmjM3T and its closely related species within the genus Bradyrhizobium.
The significance of each branch is indicated by a bootstrap value calculated for 1,000 subsets. Bar, 2% substitution. 
Sequence accession numbers are indicated in the table XX in material and methods.  The corresponding sequences 
from Sinorhizobium meliloti 1021 were used as outgroup. 
 
 
The Lmj cluster present the higher identity to B. lablabi (92.1%), but clearly separated from it. 

Pairwise comparisons of the atpD-glnII-recA concatenated sequence between LmjM3T strain 

and B. icense, ‘B. retamae’, B. jicamae, B. paxllaeri, B. elkanii, and B. pachyrhizi type strains 

were 91.8%, 91.0%, 92.0%, 91.1%, 90.5% and 90.0% identities, respectively. These results 

suggest that the Lmj strains examined belong to a new Bradyrhizobium species different to other 

bradyrhizobia.  
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5.2. Genomic sequence comparation: ANIb and ANIm approach  
 
In order to estimate homologies at the genomic level Average Nucleotide Identity (ANI) was 

used to substitute for DNA-DNA hybridization (Richter and Rossello-Mora, 2009). Draft 

genome sequences from the Lmj strains and type strains of the closest Bradyrhizobium species 

(B. lablabi CCBAU 23086T, B. jicamae PAC68 T, B. elkanii USDA 76T and B. retamae Ro19T) 

whose genomic sequences were not available in public databases were used. These sequences, 

were used for ANI-MUMmer (ANIm) and ANI-Blast (ANIb, chapter 4, Figure XX) 

calculations with the JSpecies package (Richter and Rossello-Mora, 2009). For the species 

delineation distances were calculated as 1-ANIm and trees computed by the UPGMA method 

(Sneath and Sokal, 1973) using the MEGA 5 package. The resulting tree reflecting the genomic 

homology among related species of the genus Bradyrhizobium is shown in Figure 5.3. 

Calculated ANIm values are indicated in Table 5.1. 

 
 
 
 

 
  
Figure 5.3. Genomic homology od B. valentinum and related species of the genus Bradyrhizobium. Average 
Nucleotide Identity was calculated by the MUMmer method (ANIm; [20]) from genomic sequence data obtained 
from public databases (for B. japonicum USDA 6 T, B. diazoefficiens USDA 110 T and photosynthetic bradyrhizobia 
ORS 278 and BTAi1) or from this work (for all the rest).  The resulting optimal tree is drawn to scale, with branch 
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.  
 
 
These results are similar to those obtained with housekeeping markers and ANIm, suggesting 

that, contrary to what has been reported in other rhizobia (Moulin et al, 2004), symbiotic genes 

have not been recently acquired by horizontal gene transfer in these bacteria.  
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Table 5.1 Average Nucleotide Identity (ANIm/ANIb) percentage among B. valentinum 
LmjM3T, B. valentinum LmjM6 and related species. 
 

Strain 
ANIm ANIb 

LmjM3T LmjM6 LmjM3T LmjM6 
B. valentinum LmjM3T - 99.20 - 99.98 
B. valentinum LmjM6 99.16 - 99.33 - 
B. jicamae PAC68T 88.18 88.20 86.19 86.06 
B. lablabi CCBAU 23086T 88.42 88.42 86.57 86.43 
B. retamae Ro19T 89.62 89.68 88.31 88.09 
B. elkanii USDA 76T 85.29 85.34 79.82 79.72 
B. icense LMTR21T 88.11 87.99 86.12 86.57 
B. paxllaeri LMTR13T 87,76 86,10 87.61 87.24 
B. japonicum USDA 6T 84.54 84.60 78.13 78.16 
B. diazoefficiens USDA 110T 84.66 84.66 78.38 78.35 
B. sp ORS278 84.29 84.28 77.43 77.13 
B. sp BTAi1 84.32 84.31 76.78 76.62 

 
 

For the pairwise genomic comparisons between LmjM3T and LmjM6 strains, ANIm and ANIb 

were 99.18% and 99,25% respectively , well above the ≈95-96% boundary set for species 

definition (Richter and Rossello-Mora, 2009). ‘B. retamae’ Ro19T exhibited the highest ANIm 

value with the LmjM3T / LmjM6 pair (ca. 89.6%), and far distant from B. lablabi CCBAU 

23086T, B. jicamae PAC68T, B. elkanii USDA 76T, B. japonicum USDA 6T, B. diazoefficiens 

USDA 110T and the photosynthetic bradyrhizobia ORS 278 and BTAi1.  

 

5.3. Nodulation genes. 

 

Symbiotic genes are usually found in mobile genetic elements (symbiotic islands in the case of 

Bradyrhizobium species (Kaneko et al, 2011) and, as such, they should not be “a priori” 

taxonomically relevant. However, their analysis provides valuable information to understand 

symbiotic specificity and legume host range of rhizobia species (Laguerre et al, 2001). For Lmj 

strains phylogenetic reconstructions gave similar results for nodC and nodA (Figure 5.3 and 

5.4). Lmj sequences share a common ancestor with ‘B. retamae’ Ro19T, isolated from Retama 

monosperma nodules and B. lablabi CCBAU 23086T, isolated in China from Lablab purpureus 

nodules and then linked to B. jicamae PAC68T forming a distinct group (Figure 5.3). 
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Figure 5.3. Neighbor-joining tree based on nodC gene (456 nt) sequences. Bradyrhizobium valentinum sp. nov. 
and related strains. The nodC sequence of  Azorhizobium caulinodans ORS 571T was used as outgroup. Bootstrap 
values greater than 70% based on 1,000 replicates are shown at each node. Bar: 5% substitution. Sequence accession 
numbers of nodC genes are shown in parenthesis after strain names.  
 

 
Figure 5.4. Neighbor-joining tree based on nodA gene (456 nt) sequences. Bradyrhizobium valentinum sp. nov. 
and related strains. The nodC sequence of  Azorhizobium caulinodans ORS 571T was used as outgroup. Bootstrap 
values greater than 70% based on 1,000 replicates are shown at each node. Bar: 5% substitution. Sequence accession 
numbers of nodC genes are shown in parenthesis after strain names.  
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5.4. Phenotypic characterization. 
 
Phenotypic characterization was based on characteristics previously shown to be useful for 

Bradyrhizobium species differentiation (Vinuesa et al, 2005, Yao et al, 2002; Ramirez-Bahena 

et al, 2009, Chang et al, 2011) and are indicated in the table 5.2. The pH of Yeast Mannitol 

(YM) medium was adjusted with 1M HCl to pH 7 (except for growth at different pH), and 0.05 

g/l of bromthymol blue was added before sterilization by autoclaving. Growth temperature and 

pH range responses were determined by incubating cultures in YMA at 28 and 37ºC, and at pH 

of 4.0, 5.0, 6.9, 8 and 10, respectively. Salt tolerance was tested by adding 1% (w/v) NaCl to 

YM medium.  Carbon sources assimilation was analyzed using YNB (Becton Dickinson USA) 

as basal medium and GEN III MicroPlates (Biolog, Inc.). 

 

Table 5.2 Differential characteristics among the Bradyrhizobium valentinum and related 
species of the genus.†  

Characteristic 1 2 3 4 5 6 7 
        

Generation time (h)  
(YM broth, pH 7) 

>20 >20 10-12a 6-7b 7-8a 7-8b >6 d 

        

Growth at: 
1.0% NaCl - - -  +  +*  - + 
pH 5.0 + + w  +*   +  + + 
pH 10.0 + + +  -  -  - - 

37ºC - - +  -  +  + - 
 

Resistance to (mg/ml-1):        
Ampicillin (50) + + + -*  + + - 
Streptomycin (10) - - - - + + - 
Erythromycin (50) w w + - + + + 
Gentamycin (30) w w + - + - w 
Spectinomycin (50) - - w - + + - d 
Kanamycin (50) w w - - - - - 
Rifampicin (5) - - + + + w + 

 

Utilization of C sources: 
D-Glucose w w w a + b + a  + b - c 
Mannitol + w ND - b + b + b + b 
D-Galactose + + + a - b w ND w d 
D-Mannose w w - a - b w - b w d 
Citrate  - - + - - + + 
Malonate  - - + + + + + 
        

 

† Species/Strains: 1, B. valentinum LmjM3T; 2, B. valentinum LmjM6; 3, B. lablabi CCBAU 23086T; 4, B. 
jicamae PAC68T; 5, B. elkanii USDA 76T; 6, B. pachyrhizi PAC48T; 7, B. diazoefficiens USDA 110T. +: 
positive, -: negative, w: weak or variable. ND, not determined.  * Our own data are not consistent with 
those reported previously. Δ nitrogen fixation was inefficient, a revisar referencias en el paper) 
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Natural antibiotic resistance was tested on YMA plates containing the following antibiotics: 

ampicillin (100 µg.ml-1), erythromycin (50 µg.ml-1), gentamycin (30 µg.ml-1), tetracycline (5 

µg.ml-1), spectinomycin (50 µg.ml-1), kanamycin (50 µg.ml-1), streptomycin (10 µg.ml-1), 

chloramphenicol (20 µg.ml-1) or rifampicin (5 µg.ml-1). Type strains of species within the 

Bradyrhizobium genus were included in the phenotypic study as reference. Differential 

characteristics for the new Bradyrhizobium species are listed in Table 5.2, and its phenotypic 

description is reported below. However, phenotypic tests are difficult to reproduce, and 

criticisms of phenotype-based taxonomies have been recently summarized (Ormeño-Orrillo  et 

al 2013). In addition to this classical approach, whole-cell matrix-assisted laser-desorption time-

of-flight mass spectrometry (WC MALDI-TOF MS) (Figure 5.6) phenotypic characterization 

was performed on freshly grown colonies as previously described (Mulet et al, 2012). The 

similarity dendrogram showed that all three Lmj strains (LmjM2, LmjM3T, and LmjM6) form a 

distinct, coherent group separated from type strains within the Bradyrhizobium genus.  

 

 
Figure 5.6. Dendrogram constructed by applying average linkage clustering and Pearson's distance correlation from 
a similarity matrix of identical mass peaks, computed from whole cell mass spectra of all Bradyrhizobium strains 
analyzed. The dendrogram was generated by considering the average value of the duplicates for each strain. The bar 
indicates distance. 
 
Cellular fatty acid composition of strain LmjM3T, together with those from ‘B. retamae’ Ro19T, 

B. jicamae PAC68T, B. lablabi CCBAU 23086T, B. pachyrhizi PAC48T, and B. elkanii USDA 

76T was also determined as a means to differentiate between Lmj strains and closely related 

species (Table 5.3). Strains were cultured on YM broth at 28°C aerobically and cells were 

collected at late log phase of growth. Fatty acid methyl esters were prepared and separated using 

the method described by Sasser (1990) and identified with the MIDI Sherlock Microbial 

Identification System (version 6.1), using the TSBA6 database at the Spanish Type Culture 

Collection (CECT, Burjassot, Valencia).  
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Table 5.3. Fatty acid patterns of B. valentinum LmjM3T and related strains.	  

Fatty acid 1 2 3 4 5 6 
       

9:0 - - 0.97 0.31 - - 
10:0 - - - - 0.68 - 
12:0 - 1.08 2.11 1.58 4.64 2.04 
14:0 0.39 2.90 2.45 1.37 - 2.55 
16:0 15.87 16.20 13.39 12.39 19.62 12.60 
16:0  ω5c - 1.18 - - - - 
16:1  ω5c - - - 1.24 - - 
17:0 cyclo 0.70 1.24 - - - - 
17:0 anteiso - - - - 1.62 - 
17:1  ω8c - - - - 0.92 - 
17:1  ω6c - - - - 0.95 - 
17:0 - - - - 0.55 - 
18:0 2.51 1.48 2.86 1.88 3.29 2.40 
18:0 iso 0.51 - 1.39 - 0.95 - 
18:1 ω7c 11-methyl 13.40 13.92 2.79 0.96 2.12 3.36 
18:1 ω9c - - 1.18 0.70 2.82 1.09 
19:0 cyclo  ω8c 1.11 9.10 - 11.87 - - 
20:0  ω6,9c - - - 0.74 - - 
Summed Feature 3 0.98 - 1.32 - 1.23 1.32 
Summed Feature 5 - 0.58 0.60 - 2.45 - 
Summed Feature 6 - - - - 0.42 - 
Summed Feature 8 64.52 52.33 70.94 66.96 57.74 74.64 
       

† Species/Strains: 1, B. valentinum LmjM3T; 2, B. retamae Ro19T ; 3, B. jicamae PAC68T ; 4, B. 
pachyrhizi PAC48T; 5, B. lablabi CCBAU 23086T; 6, B. elkanii USDA 76 T.  (all data were 
obtained in this study) *. Summed features are groups of two or three fatty acids that cannot be 
separated by GLC with the MIDI system. Summed Feature 3, 16:1 ω7c/16:1 ω6c; Summed 
Feature 5, 18:2ω6, 9c/18:0 ante; Summed Feature 6, 19:1 ω11c/19:1 ω9c ; Summed Feature 8, 
18:1 ω7c/18:1 ω6c. 

 
A total of 9 fatty acids were detected in strain LmjM3T (Table 5.3). All the tested strains had 

common fatty acids of 16:0, 18:0, 18:1 ω7c 11-methyl and Summed Feature 8 (18:1 ω7c/18:1 

ω6c), but the percentage of these fatty acids varied. Summed Feature 8 and 16:0 were the two 

most dominant fatty acids in all the tested strains which is consistent with previous reports in 

the genus Bradyrhizobium (Tighe  et al, 2000). LmjM1, LmjM3, LmjM2 and LmjM6 were able 

to nodulate L. micranthis and L. cosentinii and efficiently nitrogen fixation process with M. 

atropurpureum, R. sphaerocarpa, R. monosperma, and unable to nodulate L. angustifolius and 

L. luteus. 
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5.5. Description of Bradyrhizobium valentinum sp. nov. 
 
B. valentinum (va.len.ti’ num. M.L. adj. valentinus, belonging or related to Regnum valentinum, 

the old kingdom of Valencia which has become now the region of Valencia, in Mediterranean 

Eastern Spain, thus, referring to the region where these microorganisms were isolated). Cells are 

Gram negative, non-spore-forming rods as for other species in the genus. Colonies are small, 

pearl white, non mucoid on YMA at 28 °C. Strains grow from pH 4.0 to 10.0, with an optimum 

at pH 6.9. They grow from 14 °C to 30 °C, with optimum growth at 28 °C. Growth is negative 

at 37 ºC. Strains do not grow in the presence of 1% NaCl. They are aerobic and show a very 

slow growth rate on YMA medium, forming colonies less than 2 mm in diameter after 10 days 

incubation. Positive for catalase reaction. In addition to carbon sources listed in Table 2, the 

type strain can also assimilate D-trehalose, myo-inositol, D-gluconic acid, L-lactic acid, N-

acetyl-D-glucosamine and L-malic acid, but cannot assimilate D-maltose, D-sorbitol, D-

fructose, L-pyroglutamic Acid or N-acetyl-D-galactosamine as sole carbon sources. It can 

assimilate L-aspartic acid and D/L-glutamic acid as sole nitrogen sources. All strains are 

resistant to ampicillin, tetracycline and chloramphenicol, are weakly resistant to erythromycin, 

gentamycin and kanamycin, and are sensitive to spectinomycin, streptomycin and rifampicin. 

Strains are genomically divergent from other species of the Bradyrhizobium genus, sharing less 

than 89% ANIm with their closest relative, ‘B. retamae’ Ro19T. They establish a diazotrophic 

root nodule symbiosis with Lupinus mariae-josephae but not with other lupine species tested (L. 

angustifolius, L. cosentinii, L. luteus or L. micranthus); additionally they are also able to 

efficiently nodulate and fix nitrogen with Retama raetam and R. sphaerocarpa. 

The type strain, LmjM3T (LMG 27619T = CECT 8364T) was isolated from effective nodules 

of L. mariae-josephae in Valencia, Spain. 
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5.6. Discussion. 

 

The need of people, especially scientists, for cataloger, sort and definer the world around him 

has always been a constant in the development and evolution of human beings is why the "put 

in boxes" the different living organisms we find, isolate, purify and characterize is ancient and 

fundamental part of our development: the taxonomy. In this line and according with the results 

obtained in the chapter 4 and the phenotypic result a new species has been defined. When 

compared the ANIm results obtained in this chapter for the species delineation and the results 

obtained for the ANIb in the previous chapter we observe a little increase in the values of 

identity, but this is not relevant in the moment that we define a new specie; the distribution and 

the species obtained are the same. the general picture is that both parameters correlate very 

precisely, especially in the high ANI value zone, where almost no differences between the 

ANIm and ANIb calculations could be seen. Differences started to be more evident once the 

compared genomes appeared to be divergent (sharing <90% ANI). These discrepancies were 

basically due to the different sensitivity and sensibility of MUMmer over BLAST (Richter and 

Rosello Mora).  

The spread of symbiotic genes among various genetic backgrounds, via horizontal transfer, has 

been documented (Sullivan, C.W. Ronson 1998). The acquisition of novel symbiotic abilities 

via lateral transfer of symbiotic mobile elements has usually been suggested in order to explain 

the incongruence between chromosomal and symbiotic gene phylogenies. According with the 

phylogenetic analysis of nodC gene, this new Bradyrhizobium species (B. valentinum) can 

correspond to the previously defined symbiovar (sv.) retamae (Kamal Guerrouj et al., 2013),). 

According to the results (Fig. 5.X), our strains cluster in a divergent phylogenetic group, group 

corresponding to a nodC phylogenetic lineage previously found in Retama species in Africa 

(Boulilla et al., 2009, Rogel et al., 2011), B. lablabi CCBAU2 23086T, ‘B. retamae’ Ro19T, B. 

icense LMTR 13T and B. paxllaeri LMTR 21T.  Therefore, the strains included in this symbiovar 

nodulated R. sphaerocarpa and R. monosperma, but could not nodulate Glycine max. Finally, it 

is important to determine whether one or several distinct symbiovars/ecotypes should be defined 

for sv. rigiduloides, since the discrimination of specific ecotypes is fundamental for an 

understanding of recombination patterns within a specific a species 

A big problem was obtain a consist and reproducible phenotypic results, a couple of different 

values were obtained in the case of B. jicamae and B. elkanii type strains and the values 

reported (reference both papers), in addition the biology results were poorly consistent, because 

the own technical characteristics of the plates.  
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Genetic and functional analysis of effector protein NopE in LmjC strain. 
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Genetic and functional analysis of effector protein NopE in LmjC strain / LmjC NopE 
characterization. 
 
The formation of rhizobia-legume-symbiosis is initiated by a complex and coordinated signal 

exchange between both partners. The common infection process is initiated by plant exudates, 

e.g. flavonoids which induce the production and secretion of Nod factors in rhizobia. Nod 

factors are lipochitooligosachharides that are perceived by specific Nod factor receptors in the 

host plant. Nod factor recognition initiates a signaling cascade in the host plant leading to 

nodule organogenesis (Oldroyd 2013). An alternative infection process, independent from nod 

factors, was described previously (Giraud et al., 2007). Several further traits, e.g. 

polysaccharides and secreted proteins, were described to affect symbiosis on different stages 

(Margaret et al., 2010, Jones & Walker 2008, Krishnan et al., 2003, Downie 2010). For the 

secretion of proteins rhizobia use a number of different secretion systems (Meinhardt, et al., 

1993, Finnie et al., 1997, Viprey et al., 1998, Hubber et al., 2004, Krehenbrink & Downie 2008, 

Fauvart & Michiels 2008, Schmeisser et al., 2009, Vinardell et al., 2015). 

 

In some rhizobia a functional type III secretion system (T3SS) was identified (Deakin & 

Broughton 2009). The components of the rhizobial T3SS are encoded in gene clusters extending 

30-47 kb within symbiotic islands located either on the chromosome or on symbiotic plasmids 

(Tampakaki 2014). These so called tts gene clusters contain 10 conserved genes coding for core 

components of the secretion system and further genes coding for effector proteins and other T3S 

related proteins. A conserved component of rhizobial tts clusters is the regulator gene ttsI 

(Viprey et al., 1998, Krause et al., 2002). TtsI induces the tts gene cluster in a NodD- and 

flavonoid-dependent manner (Viprey et al., 1998, Perret et al., 1999, Krause et al., 2002, 

Kobayashi et al., 2004, Marie et al., 2004, Lopez-Baena et al., 2008). TtsI binds a conserved 

promoter motif, the tts box (Wassem et al., 2008, Zehner et al., 2008). This promoter motif was 

used in several studies to identify TtsI co-regulated genes and genes coding for putative 

effectors in rhizobial genomes (Zehner et al., 2008, Sanchez et al., 2009, Yang et al., 2010, 

Kimbrel et al., 2013).  

 

Mutational studies revealed that type III secretion plays an important role in defining the host 

range of rhizobia (Meinhardt et al., 1993, Krishnan et al., 2003, Skorpil et al., 2005). Substrates 

of the T3SS and putative effectors were identified in several rhizobia. The specific role of 

effectors in symbiosis was deduced from similar pathogen effectors (Deakin & Broughton 

2009). It was shown that individual effectors can modulate the interaction with different host 

plants (Marie et al., 2003, Skorpil et al., 2005, Dai et al., 2008, Yang et al., 2009, Lopez-Baena 

et al., 20008, Wenzel et al., 2010, Jimenez-Guerrero et al., 2015, Okazaki et al., 2010). 
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B. diazoefficiens USDA110 secretes at least 14 proteins into the supernatant of bacterial cultures 

in a type III secretion-dependent manner (Süß et al., 2006, Hempel et al., 2009, Zehner et al., 

2008). Two proteins, NopE1 and NopE2 were shown to be translocated into plant cells (Wenzel 

et al., 2010, Kimbrel et al., 2013). These proteins affect the interaction of B. diazoefficiens with 

Vigna radiata KPS2 strongly (Wenzel et al., 2010). NopE1 and NopE2 are homologous proteins 

sharing 77% sequence identity. Both proteins contain two conserved domains of about ~ 170 

amino acids, called domain of unknown function (DUF1521) (Wenzel et al., 2010). Further 

characterization of this domain revealed a metal ion-induceable autocleavage (MIIA) activity. 

Proteins containing this domain were found also in other proteobacteria, e.g. Vibrio 

corallilyticus ATCC-BAA450 and Burkholderia phytofirmans PsJN (Wenzel et al., 2010, 

Schirrmeister et al., 2011, 2013). Interestingly, in nodulating rhizobia, the MIIA domain was 

found only in the genus Bradyrhizobium. 

 
6.1. Structure, schematic representation, gene organization . 
 
In the chapter XX shows that we obtain a number of novel genome sequences from 

Bradyrhizobium spp. Sequence analysis of the Lmj strains revealed the presence of gene clusters 

encoding putative T3SS. In a number of strains, proteins with similarity to NopE1 or in the 

correct position have been identified; Lmj strains present one (LmjC, LmjH2p, LmjA2 and 

LmjM1) or two (LmjM3, LmjG2, LmjTa10) NopE-like proteins. Interestingly, the overall 

protein similarity within of B. diazoefficiens USDA 110, B. lablabi CCBAU 23086, B. icense 

LMTR21, B. sp WSM1741, th b2, ORS285 with Lmj strains is very low, 15.8% (Table 6.1).  

For other hand NopE sequence from B. sp WSM1741 present the higger identity; 92.4%, with 

the second copy of NopE from Lmj. Sequence comparison and phylogenetic analyses were 

performed with available sequences. Two different types of NopE-like proteins have been 

identified. There is a group of protein sequences containing two MIIA domains (LmjM1; 

LmjTa10, LmjG2 and LmjM3) and a second group containing only one MIIA domain (LmjC, 

LmjA” and LmjH2p). The length of MIIA domain is conserved in all proteins. The protein 

sequences analysis showed the presence of a conserved cleavage site motif GD▼PH (Wenzel et 

al., 2010) in all domains.  

 

Table 6.1 Identity between NopE from LmjC and other Bradyrhizobium related strains 
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6.2. Phylogenetic analysis. 

 

A phylogenetic approach based on the conserved MIIA domain was carryout including all the 

Bradyrhizobium strains with NopE protein disponible in the data base (NCBI and UniProt) and 

from the genome sequence obtained in the chapter XX, according with the phylogenetic tree of 

Bradyrhizobium sp. MIIA domains, exist three groups of domains for the bacteria analyzed 

(Figure 6.2).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1. MIIA domain neighbor-joining phylogenetic tree. Phyllogenetic relationships of of Lmj rhizobial 
strains, related species within the Bradyrhizobium genus and other genera within the Bradyrhizobiaceae, that possess 
NopE-like proteins (160 amino acids positions and 64 sequences). The tree was calculated by the neighbor joining 
method. Bootstrap values greater than 60% are indicated at nodes. The MIIA sequence of Vibrio coralliilyticus 
XXXX was used as a outgroup. MIIA C-terminal and N-terminal group include protein sequence from: B. Japonicum 
USDA 4, USDA 38, USDA 6T, USDA 123, USDA 135, USDA 110T, USDA 124, USDA122 ans WSM1743. 
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One domain novel group originates from the proteins containing only one MIIA domain (MIIA 

single group) including strains isolated from Lmj plants (LmjC, LmjTa10, LmjG2, LmjH2p and 

LmjM3T) and B. elkanii WSM1741.  

The domains originating from proteins with two MIIA domains are grouped according with his 

N-terminal and C-terminal domains. MIIA N-terminal groups include all bacteria with nopE 

protein that contains N-terminal domain in a single group, including B. japonicum strains, B. 

jicamae PAC68T, B. paxllaeri LMTR13T, B. icense LMTR21T, B. lablabi CCBAU 23086T and 

four Lmj strains; LmjM1, LmjG2, LmjTa10 and LmjM3T. The MIIA C-terminal group, include 

two separated groups; one of them with the NopE2 C-terminal proteins from B. japonicum 

strains, the others related Bradyrhizobium type species and Lmj strains. The second subgroup 

contain only NopE1 C-terminal proteins from B. japonicum strains. MIIA-domains from B. 

japonicum group show very high similarity (>90 %) inside, but between N- and C-terminal 

domain only (70 %) (Fig. 2). The identified NopE protein of Bradyrhizobium sp. LmjC is 

encoded by a 1305 bp gene (accession n°) located in the tts gene cluster. The protein shows low 

overall similarity (xyz%) to NopE1 of B. diazoefficiens USDA110. In contrast, the MIIA 

domain of about 150 amino acids in the central part of the protein shows significant similarity. 

About xv% and xz % identity were detected with the N-terminal and C-terminal MIIA domain 

of NopE1, respectively (Table 1).  

 
 
6.3. Characterization of the novel NopE-like effector of Bradyrhizobium sp. LmjC  

 

NopE-like preotein from LmjC strains was select for a deep study as a reference for the nevel 

clade unrelated with the classic NopE1/NopE2 protein from USDA 110 strain. The protein 

NopE of Bradyrhizobium sp. LmjC was produced as recombinant NopE-Strep (49 kDa) and as 

MalE-NopE-Strep fusion protein (91 kDa) from E. coli (Figure 6.2). 

 

                
Figure 6.2. Scheme of NopE internal MIIA domain and conserved cleavage site. Sizes of the resulting cleavage 
products are depicted. 
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Our results showed that the fusion proteins are inducible by IPTG and are soluble in the 

cytoplasm, can be purified by affinity chromatography on a Strep affinity column (NopE-Strep) 

and MBPTrap column (MalE-NopE-Strep). Boths fusion proteins showed inducible 

autocleavage in the presence of calcium ions. Autocleavage of the protein results in two 

fragments, the N-terminal fragment (62 kDa) and the C-terminal fragment (29 kDa) in the case 

of the MalE fusion and in the case of NopE-strep fusion two fragments were obatined, the N-

terminal fragment (19 kDa) and the C-terminal fragment (29 kDa) (Figure 6.3. A, B).  

 

 
Figure 6.3. Analysis of autocleavage activity of NopE. Analysis of the cleavage activity in presence of calcium ion. 
A; NopE-Strep cleavage activity of NopE1 from cleavage activity from USDA 110T and NopE-Strep cleavage from 
LmjC strain. B; MalE-NopE-Strep fusion protein cleavage activity. C; MalE-NopE(DA)-Strep (MIIA domain 
mutant) cleavage activity. In each sample, 8 !g protein was loaded on a 15 % polyacrylamide gel. Sample after 
incubation with (Ca2+) and without (H2O) calcium ions. Asterisks mark the size of the full length protein, arrowheads 
indicate the autocleavage products. PageRulerTM Unstained (A) and Prestained (B and C) Protein Ladder (Thermo 
Scientific).

 

The deduced cleavage site GD)PH was further analysed. The conserved aspartate residue 176 

in this motif was exchanged against alanine by site specific mutagenesis. The resulting protein 

variant MalE-NopE(DA)-Strep was purified and analysed for its autocleavage activity. The 

protein variant shows no autocleavage in the presence of calcium ions (Figure 6.3.C).  

 

6.4. Effect of temperature and metal ions concentrations on autocleavage. 

 

In order to define the minimal concentration of calcium necessary for observe the autocleavage  

different concentracion of Ca2+ were analyzed (0,78, 1,56, 3,125, 6,25, 12,5 and 25 mM). 

cleaveg of NopE-strep only was observed at 25 and 12,5 mM of fonal concentration of calcium 

(Figure 6.4.A). To determine if temperature affects autocleavage activity of the NopE protein 

from LmjC, NopE-strep fussion protein  was incubated with calcium solution at 0, 10, 20, 30 

and 40 °C. Cleavage was similar at all tested temperatures, with a maxima activity between 0 
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and 20 ºC  (Figure 6.4.B). The results suggest that seawater temperature might not influence the 

activity of this protein. 

 
Figure 6.4. Autocleavage of NopE-strep at different cocnentrations of Ca2+ and temperatures. Purified protein 
was incubated without (H2O) or with CaCl2 for 30 min. A; Different concentration of ion analyzed. B; autoclaveage 
at the indicated temperatures. Fragmentation was analyzed by SDS-PAGE. The full-length protein is marked with an 
star.. FN, N-terminal fragment; FC, C-terminal fragment. 
 

 

6.5. Effect of diffferent metal ions on autocleavage. 

 

In order to test if autocleavage of NopE can be induced by other divalent metal ions, the 

purified fusion protein MalE-NopE-Strep and NopE-Strep were incubated with different metal 

solutions at 25 mM; CdCl2, CoCl2, CuCl2, MgCl2, MnSO4, ZnSO4 or NiCl2 (this last only in the 

case of Nope-Strep fusion protein) in Tris buffer (Figure 6.5 A and B).  

 

  
Figure 6.5. Metal ion-induced autocleavage of MalE-NopE-Strep in TKE buffer. The purified protein was 
incubated without (-) and with different metal ion solutions at a final concentration of 25 mM. Autocleavage was 
analyzed by SDS-PAGE (NuPAGE, 8% Bis-Tris gel; Life technologies). Star mark full-length protein, arrowheads 
indicate FN; N-terminal fragment, FC; C-terminal fragment  

 
 
In both cases the incubation with calcium (II), manganese (II), cadmium (II) and copper ions led 

to nearly complete fragmentation of NopE fusion proteins, uncleaved full length protein can be 

observed in all samples after 30 min of incubation. In the case of NopE-strep, in all the 



Chapter 6 

123 
 

preparations, we observe some cleavage products (Figure 6.5.A), N-terminal fragment (FN). 

indicating that cleavage either takes place already in the bacterial cell during expression or 

during the isolation procedure. Therefore, CoCl2, NiCl2, MgCl2, CuCl2, or ZnSO4 don't promote 

cleavage of the NopE fussion protein. Additionally, more unspecific bands have been obtained. 

In the case of autocleavage of MalE-NopE-Strep non unspecific bands have been observed. 
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1. The native endosymbiotic bacteria from four spots where grows Lupinus mariae-josephae 

(Lmj), a unique Lupinus that grows preferentially in alkaline soils, were obtained. The 103 

endosymbiotic bacteria isolated are high diverse and can be distributed in 19 distinct RAPD 

profiles. The Lmj symbionts were extremely slow-growing bacteria and showed phenotypic and 

symbiotic characteristics different from strains nodulating other Lupinus spp. of Spain (ISLU 

strains).  

 

2. The phylogenetic analysis based on 16S rRNA and housekeeping glnII, recA and atpD genes 

demonstrated that all Lmj and ISLU strains belong to the Bradyrhizobium genus. The analysis, 

including type strains of Bradyrhizobium spp., formed two clades.  Lmj strains were grouped 

within the named clade I in six different operational taxonomic units (OTUs) not associated to 

any specific geographical location. Clade I included among others, B. elkanii, B. pachyrhizi and  

B. jicamae type strains. Clade II contained any bradyrhizobial lupin strain other than Lmj as 

ISLU and type strains from species as B. canariense and B. japonicum. These data indicated a 

independent evolutionary lineage of Lmj strains versus other bradyrhizobial lupin strain.  

 

3. Draft genomic sequences of Lmj and ISLU strains allowed the estimation of an average 

genome size near 8.6 Mb, values of GC content of 62% and a number of genes of 8,500.  

 

4. Average Nucleotide Identity (ANI) using draft genomic sequences identified five potential 

Bradyrhizobium spp. among the Lmj strains corresponding to strains in the different OTUs 

above mentioned. In fact a new species named ‘Bradyrhizobium valentinum’ sp. nov. was 

proposed (type strain LmjM3T) based on genetic, genomic, proteomic and  phenotypic data and 

whose closest  species was ‘B. retamae’.  

 

5. ANI values of ISLU strains indicated that they were clearly separated to Lmj strains and were 

close to B. canariense species although they may defined a new Bradyrhizobium species.  

 

6. A phylogenetic analysis based on symbiotic nodC and nodA gene sequences from Lmj strains 

defined only two distinct clusters (A and B) not related to observed differential symbiotic 

properties. Cluster A included exclusively Lmj strains while cluster B also incorporated strains 

related to B. lablabi. These results were confirmed by genomic analysis performed with the 

concatenation of genes from the symbiotic clusters nod, fix and nif respectively. The place of 

symbiotic gene sequences from ISLU strains was different, clearly related to the B. canariense 

and B. japonicum bv. genistearum lineages.  
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7. Evolutionary origin of housekeeping and symbiotic genes is different both in Lmj and ISLU 

strains. 

 

8. Gene clusters encoding one or two type III secretion systems (T3SS) were found in the 

genome of nine Lmj strains. All these clusters encoded a protein similar to NopE, a T3SS-

dependent effector of B. diazoefficiens USDA 110T containing two Metal Ion-Inducible 

Autocleavage (MIIA) motifs. NopE-like protein from LmjC strain presents one MIIA, and 

exhibited autocleavage activity in the presence of Ca2+, Cu2+, Cd2+, Zn2+ and Mn2+ but not in the 

presence of Mg2+. The LmjC nopE gene disruption had no effect on nodulation with Lmj plants. 

 

9. Genomic and hybridization analysis with repABC gnee indicated the presence of plasmids in 

some ISLU strains (19 out of 72) and their absence in Lmj. The phylogenetic analysis of 

repABC gene sequences from ISLU strains grouped them in a unique monophyletic group, 

related to B. sp. BTAi1 plasmid and differentiated from repABC of fast growing rhizobia. Two 

thirds of the sequence of plasmid from ISLU101 strain (300 kb) was determined. Among the 

genes contained in this DNA fragment, a complete type IV secretion system gene cluster was 

identified. 

 
10. Search of bacteria able to effectively nodulate Lmj in places other than where this plant 

grows revealed their absence in several ‘‘terra rossa’’ or alkaline red soils of the Iberian 

Peninsula and Balearic Islands. Surprisingly these bacteria were found in basic soils from 

Chiapas, Mexico. According with the phylogenetic analysis of housekeeping genes, the bacteria 

were separated in two different groups. One included strains close to Lmj strains of clade I and 

the other, strains related to B. yuanmingense within the clade II.  

 
11. Experiments related to conservation of endangered Lmj in its natural habitat showed that the 

symbiosis should be a factor to consider in the conservation of endangered legumes. The use of 

strains LmjM3 and LmjC as inoculants showed that a successful reproductive cycle was 

absolutely dependent on seedling inoculation with effective bradyrhizobia. 
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 Material and methods 

 

M.1. Biological Materials. 

 

M.1.1. Legumes employed in this study. 

 

Seeds for Lmj were obtained from different sources; Dirección general de Gestión del 

Medio natural of Generalitat Valenciana, seeds reproduced by Dr Francisco Temprano Vera 

from IFAPA, Centro las Torres, Tomejil, Sevilla and some of them were collected from natural 

populations in Valencia (Llombai, Xativa and Monserrat). Seeds of Lupinus micranthus, L. 

angustifolius, L. albus, L. luteus, L. hispanicus, L. cosentinii, O. compressus and M. 

atropurpureum, were provided by Dr Francisco Temprano Vera. 

 
M.1.2. Bacteria. 

Table M.1. Endosimbiotic Bacteria from lupines employed in this study. 

Strain  Legume host Origin Source or Reference 
LmjA2 

L. mariae-josephae 

Llombay* 

This work 

LmjB2b 
LmjC 
LmjD32 
LmjH2p 
LmjL5 
LmjL7 
LmjL9 
LmjTa6 

Gandia* LmjTa10 
LmjG2 
LmjG3 
LmjM1 

Monserrat* 
LmjM2 
LmjM3 
LmjM6 
LmjM10 
LmjX7 Xativa* LmjX10 
    

ISLU101** L. angustifolius Jaén 

Dr. Francisco 
Temprano 

IFAPA 
 

Lan55 
ISLU8 L. luteus 

Sevilla 
ISLU15 
ISLU12 L. cosentinii ISLU9 
ISLU13 L. micranthus 
ISLU21 L. hispanicus Ávila 
ISLU40 Salamanca 
La35 L. albus Sevilla 

*Valencia, Spain, ** ISLU strains were obtained from F. temprano (IFAPA, Sevilla) 
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Table M.2. Reference and type bacterial strains employed in this study* 

Strain or isolate Legume host Origin Source or Referencea 
    

USDA 275 G. max India USDA 
ISLU16 O. compressus Sevilla (Spain) IFAPA 
B. pachyrhizi PAC48T Pa. erosus Honduras Ramírez-Bahena et al., 2009 
B. jicamae PAC68T Pa. erosus Honduras Ramírez-Bahena et al., 2009 
B. daqingense CCBAU 15774T G. max Daqing (China) Wang et al., 2013 
B. diazoefficiens USDA 110T G. max Florida (USA) Kaneko et al., 2002 
B. elkanii USDA 76T G. max  California (USA) USDA 
B. japonicum USDA 6T G. max Japan Jordan et al., 1982 
B. liaoningense 2281T G. max China Xu et al., 1995 
B. ottawaense OO99T G. max Ottawa (Canada) Yu et al., 2014 
B. huanghuaihaiense CCBAU 23303T G. max Huang-Huai-Hai Zhang et al., 2012 
B. lablabi CCBAU 23086T La. purpureus Anhui (China) Chang et al., 2011 
B. canariense BTA-1T Ch. proliferus Canary Islands (Spain) Vinuesa et al., 2005a 
B. cytisi CTAW11T C. villosus Morocco Chahboune 2011 
B. rifense CTAW71T C. villosus Morocco Chahboune 2012 
B. yuanmingense CCBAU 10071T Lespedeza sp. China Yao et al., 2002 
B. betae PL7HG1T Be. vulgaris Salamanca (Spain) Rivas et al., 2004 
B. iriomotense EK05T E. koshunensis Okinawa (Japan) Islam et al., 2008 
B. denitrificans LMG 8443T Aes. indica  Peter Van Berkum, 2005 
B. neotropicale  BR 10247T Cen. paraense Roraima (Brazil) Ramírez-Bahena et al., 2013 
B. paxllaeri LMTR21T Ph. lunatus Peru Durán et al., 2014 
B. icense LMTR13T Ph. lunatus Peru Durán et al., 2014 
B. ganzhouense RITF806T Ac. melanoxylon Ganzhou (China) Lu et al., 2014 
B. retamae Ro19T Re. monosperma Ras El Ma (Morocco) Guernouj et al., 2013 
B. arachidis CCBAU 051107T Ar. Hypogaea China Wang et al., 2013 
B. ferriligni CCBAU 51502T Er. fordii Guangdong (China) Yao et al., 2015 
B. erythrophlei CCBAU 53325T Er. fordii Guangdong (China) Yao et al., 2015 
B. manausense BR3351T V. unguiculata Brazil Silca et al., 2014 
B. oligotrophicum LMG 10732T Rice paddy soils Japan Ramírez-Bahena et al., 2015 
B. ingae BR 10250T Inga Laurina Cerrado (Brazil) da-Silva et al., 2014 
B. lupini USDA 3051T L. angustifolius Georgia (USA) Peix et al., 2015 
S. meliloti 1021T Medicago sativa USA Galibert et al., 2001 
R. etli CFN42T Ph. vulgaris Guanajuato, México  
A. caulinodans ORS 571T Se. rostrata Senegal Dreyfus and Dommergues, 1981 
Bosea thiooxidans DSM9653 - India Das et al., 1996 
    

* type strains were obtained from A. Peix (U. Salamanca) and from Culture Collections. Abbreviations for the host generic names are as follows: Aes., 
Aeschynomene; Ac., Acacia; B., Bradyrhizobium; Be., Beta; C., Cytisus; Cen., centrolobium; Ch., Chamaecytisus; E., Entada; Er. Erythrophleum, G., 
Glycine; L., lupinus; La., Lablab; M., Medicago; R., Rhizobium; S., Sinorhizobium; P., Pisum; Pa., Pachyrhizus.  
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Table M.3. E. coli strains and mutants. 

Strain  Genotype or relevant characteristic(s) Source or reference 

E. coli DH5α recA1 endA1 gyrA96 thi hsdRl7 supE44 relA1 Δ(lacZYA-
argF)U169 (Φ80lacZΔM15) deoR phoA 

Hanahan, 1983; 
Bethesda Research 

Laboratories 

E. coli DH10ß F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
ΔlacX74 recA1 endA1araD139Δ(ara, leu)7697 galU galK λ-
rpsL nupG 

Angelcastro et al, 2000 

Life technologies 

S17.1 thi pro hsdR hsdM+ recA RP4::2-Tc::Mu-Kan::T7; Spr Smr Simon et al., 1983 

BL21(DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS 
λ DE3 = λ sBamHIo ∆EcoRI-B 
int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 

New England BioLabs 
inc. 

LmjC 12.10 LmjC ΔnopE; Spr This work 

 
 
Table M.4. Plasmids employed and constructions. 

Plasmids Genotype or relevant characteristic(s) Source or reference 

pCR2.1-TOPO PCR product cloning vector; Apr, Kmr Invitrogen 

pK18mobsacB Integrative vector pUC18 derivative; lacZ 
mob site sacB, Kmr 

Schäfer et al., 1994 

pK19mobsacB Integrative vector, pUC19 derivative; lacZ 
mob site sacB, Kmr 

Schäfer et al., 1994 

pT7-7 General cloning vector, Escherichia coli K12 
DH1 derivative; pT7phi10 promoter, Ampr 

Brown and Campbell, 1993 

pMalc5x Maltose-Binding Protein (MBP), Factor Xa 
cleavage site 

Riggs, 2001 

New England BioLabs inc. 

 
 
M.1.3. Antibiotics, enzymes and reactives. 

 

All the Antibiotics employed in this work have been obtained from Sigma Chemical Co 

(St Louis, Missouri, USA), Duchefa (Haarlem, The Netherlands) and Life technologies Ltd 

(Paisley, UK). Working solutions were prepared and stored as described by Sambrook and 

Russell (2001). 

Lysozyme, ribonuclease A and proteinase K came from Sigma-Aldrich Co. (St. Louis, 

Missouri, USA). Restriction enzymes and T4 ligase have been obtained from Roche Diagnostics 

GmbH (Mannheim, Germany) and Life technologies Ltd. Chemicals compounds came from 

Merck (Darmstadt, Germany), Sigma-Aldrich Co. (St. Louis, Missouri, EEUU), Serva 

Feinbiochemica (Heidelberg, Germany), Panreac LifeSciences (Montplet & Esteban SA, 

Barcelona, Spain), BDH Prolabo (Leuven, Belgium) and Duchefa (Haarlem, The Netherlands). 
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C-7 agarose was obtained from Pronadisa Hispalab (Madrid, Spain). Ambion® and 

InvitrogenTM from Life Technologies Ltd (Paisley, UK). 

 

M.1.4. Media and Growth conditions.  

 

The following media were employed for different Bradyrhizobium strains cultured in this 

study, Bradys all were grown at 28°C. Yeast mannitol broth (YMB: yeast extract 0.4 g/l, 

mannitol 1 g/l, NaCl 0.1 g/l, K2HPO4 0.5 g/l, MgSO4 0.2 g/l; pH 6.8; Vincent, 1970), tryptone-

yeast extract (TY: yeast extract 3 g/l, tryptone 6 g/l, CaCl2 0.5 g/l.; Beringer, 1974), Rhizobium 

minimal medium (Rmin: glutamate 1 g/l, mannitol 1 g/l, KH2PO4 0.3 g/l, Na2HPO4 0.3 g/l, 

MgSO4*7H2O 0,1 g/l, CaCl2 50 mg/l, H3BO3 10 mg/l, ZnSO4*7H2O 1 mg/l, FeCl3 1 mg/l 

CuSO4*5H2O 0.5mg/l, MnCl2*4H2O 0.5mg/l, NaMoO4*2H2O 0.1mg/l, thiamine 1 µg /ml, 

biotin 1 µg/ml, D-(+)-pantothenic acid calcium salt 1 µg/ml; pH 7.0; O´Gara y Shanmugam, 

1976), arabinose-gluconate medium (AG:  NaHPO4 125 mg/l, Na2SO4 250 mg/l, NH4Cl 320 

mg/l, MgSO4*7H2O 180 mg/l, CaCl2 10 mg/l, FeCl3 4 mg/l, HEPES 1.3 g/l, morpholine ethane 

sulfonic acid (MES) 1.1 g/l, yeast extract 1.0 g/l, L-arabinose 1.0 g/l, D-gluconic acid sodium 

salt per liter 1.0 g; pH adjusted to 6.8; Sadowsky, 1987), yeast nitrogen base (YNB: Dehydrated 

Product from Difco™, with Amino Acids and without Amino Acids, 6.7 g of base, 5 g of 

dextrose or equivalent amount of other carbohydrate and 5-10 mg% of the desired amino acid in 

100 mL of purified water, filter sterilize). Basal medium containing (BM: 1 g K2HPO4, 1 g 

KH2PO4, 0.01 g FeCl3*6H2O, 0.2 g MgSO4*7H2O, 0,1 g CaCl2, 1 g (NH4)2SO4; Amarger et al, 

1997). Malonate Broth (MB: 2 g (NH4)2SO4, 0,6 g K2HPO4, 0,4 g KH2PO4, 2 g NaCl, 3 g Na 

Malonate and 25,0 mg Bromothymol Blue; Leifson, 1933). 

Escherichia coli strains and plasmids was emplotyed Luria-Bertani broth (LB: tryptone 

10 g/l, yeast extract 5 g/l, NaCl 5 g/l; Sambrook and Russell, 2001) at 37°C. Super Optimal 

broth with Catabolite repression (SOB: 2% Vegetable peptone (or Tryptone) 0.5% Yeast 

Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4 and 20 mM Glucose).  

 

Liquid cultures were grown in a rotary shaker at 200 rpm. Media for plating contained 

1.5% agar unless otherwise specified. For selection of transformants and transconjugants, and 

for plasmid maintenance, media were supplemented with the appropriate antibiotics at the 

following concentrations: tetracycline, 5 µg/ml (10 µg/ml for E. coli strains); kanamycin, 50 

µg/ml; spectinomycin 50 µg/ml; gentamicin, 2  µg/  ml (5  µg/  ml for E. coli strains). For blue-

white screening of E. coli, X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) was 

added to LB agar at 40 µg/ml.  

Carbon and nitrogen sources assimilation test: Bradyrhizobium strains were first grown 

for 4 to 7 days on YMB medium, 1.5 ml of culture was gently centrifuged (5000 rpm / 10 min), 
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the pellet was washed and resuspended with 1% NaCl solution and cultures were then 

transferred to new tubes with YNB (with an without Amino Acids), with the different carbon or 

nitrogen sources. The starting OD600 ≈ 0.05. Strains were incubated with constant shaking at 

28°C, and measurement intervals of absorbance at 600 nm each day during 4 days starting the 

third day, and assayed in triplicates. Additionally Rmin, MB, BM, YMB, YMB without 

mannitol were employed as a media for this test and in the case of the strains this were taken 

from preculture (washing or directly inoculate) o from a fresh plate. 

 

M.2. Soil sampling and characterization. 

 

Soil samples were obtained from the different geographical locations in area of Valencia, 

Spain, were Lmj grow (Fig. 1.1). In each site, soil samples (0–20 cm layer) were taken from 

several spots separated less than ten meters. Soil samples were bulked to obtain a representative 

sample per site. Soils samples from other “terra rossa” or alkaline red soils from Iberian 

Peninsula and Balearic Island were obtained, in these soils were analyzed the presence of Lmj 

endosymbiotic bacteria (Fig. 2.1). For all soils sampled in this study, the pH, content of lime, 

available P, and soluble Fe, K, Ca, Mn and Mg were determined following standard methods 

(US Department of Agriculture, 1966) 

 

M.3. Microbiological techniques. 

 

M.3.1. Isolation of Rhizobial strains from nodules. 

 

Four soil samples from different geographical locations in the basic soil area of Valencia, 

Eastern Spain, were Lmj grows were chosen to grow Lmj plants (trap plants) whose nodules 

were used to isolate bacteria. The Lmj plant populations in these locations are extremely 

reduced (Navarro et al., 2006).  

Trap plants were cultivated for ca. 6 weeks in Leonard jars containing Jensen’s solution. 

Each unit was filled with a mixture (1:1) of soil and autoclaved vermiculite, and two plants 

were grown in each from axenically germinated seedlings. Seedlings were obtained from 

scarified and surface-sterilized seeds (95% ethanol for 1 min, 25% sodium hypochlorite for 3 

min, rinsed 10 times and maintained in sterile water for 1 h). The seeds were then germinated 

on agar plates at 20ºC for 3 days. Jars without soil were used as negative nodulation controls. 

The isolates obtained were grown on Yeast Mannitol broth with Agar (YMA), using standard 

procedures and purified by repeated streaking (Vincent, 1970). Over 250 total isolates were 

obtained from distinct pink to red nodules and all of them were purified and tested for re-

nodulation assays under bacteriologically–controlled conditions. Out of the 250 isolates, 103 
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effectively nodulated the Lmj plants. Isolates were maintained in Yeast-Mannitol Broth (YMB) 

containing 20% glycerol (v/v) at -80 ºC.  

 

M.3.2. Phenotypic characterization. 

 

Colony size and slime production were assessed on YMA plates after 10 days of growth 

at 28 ºC. Mean generation time was determined measuring OD600 in YMB or AG broth (pH 6.8, 

200 rpm orbital shaking). Tolerance to low and high pH was estimated by following growth in 

YMB buffered with either 100 mM sodium citrate/citric acid (pH 4 and 5) or 50 mM Tris HCl / 

Tris Base (pH 8 and 10). Acid or alkali production was visually determined on the same 

medium by ussing bromothymol blue (0.05 g/l) as a pH indicator. Optimal growth temperature 

was determined by incubating cultures in YMA. Salt tolerance was tested by adding 1% (w/v) 

NaCl to YMB. Carbon sources assimilation was analyzed using YNB (Becton Dickinson USA) 

as basal medium and GEN III MicroPlates (BIOLOG Inc., California USA). Natural antibiotic 

resistance was tested on YMA plates containing the following antibiotics: ampicillin (100 

µg/ml), erythromycin (50 µg/ml), gentamycin (30 µg/ml), tetracycline (5 µg/ml), spectinomycin 

(50 µg/ml), kanamycin (50 µg/ml), streptomycin (10 µg/ml), chloramphenicol (20 µg/ml) or 

rifampicin (5 µg/ml). For ribosomal protein profile whole-cell matrix-assisted laser-desorption 

time-of-flight mass spectrometry (WC MALDI-TOF MS) was employed, using freshly grown 

colonies as previously described (Mulet, 2012). Cellular fatty acid composition of strains 

employed in the taxonomic study was determined from fresh plates, strains were cultured on 

YMB at 28°C. Fatty acid methyl esters were prepared and separated using the method described 

by Sasser (Sasser, 1990) and identified with the MIDI Sherlock Microbial Identification System 

(version 6.1), using the TSBA6 database at the Spanish Type Culture Collection (CECT, 

Burjassot, Valencia).  
 

M.3.3. Cross-inoculation experiments. 

 

Cross-inoculation experiments were carried out by testing the capacity of Lmj isolates to 

nodulate fourteen different legume hosts and, conversely, by testing rhizobial endosymbionts 

isolated from these legume hosts for their ability to nodulate Lmj plants. The experiments were 

carried out in sterile Leonard jar units prepared as described above, seeds were surface sterilized 

with domestic bleach diluted 1:4, and germinated on 1% agar plates to be used as a two- to five-

day-old seedlings of the legume hosts tested. Each Leonard jar unit, containing 2 to 3, seedlings 

were inoculated with 2 ml rhizobial suspension (108-109 cells/ml). Plants were grown under 

bacteriologically controlled conditions in a greenhouse under natural light supplemented with 

artificial light (16/8 h day/night, at 25/23 °C) for 3 to 8 weeks depending on the legume host, 



 Material and methods 

 

and examined for number, inside color and nitrogen fixation activity of nodules. The nitrogen 

fixation activity of nodules was determined by the acetylene reduction test as previously 

described (Ruiz-Argüeso et al., 1978) using a Gas Chromatograph System GC-2014 

(Shimadzu). For each legume host–rhizobial strain combination, three replicates were used, and 

at least two non-inoculated controls were included per legume host. 

 

M.3.4. Screening of Lmj endosymbiotic bacteria in different soils. 

 

All field work on the endangered species Lmj, both in micro-reserves and in unprotected 

communal land, was carried out under permit and supervision from the relevant regional 

authority (Generalitat Valenciana, Conselleria de Infraestructuras, Territorio y Medio Ambiente, 

Servicio de Vida Silvestre; VAERSA and Centro para la Investigación y Experimentación 

Forestal; CIEF), whose conservation experts (Albert Navarro, Simón Fos and Emilio Laguna,) 

actively collaborated in this work. Soil samples from areas outside the Valencia region were 

taken from unprotected, communal land, for which no permit was necessary. The GPS 

coordinates for all Lmj populations and soil sampling sites are listed in Table 1.1, The presence 

of Lmj endosymbiotic bacteria was investigated in “terra rossa” or alkaline red soils from 

Iberian Peninsula and Balearic Island (Figure 3.1, Table 3.1) using Lmj as trap plant, as 

previously described. The limiting number of available Lmj seeds precluded precise estimations 

of Lmj-nodulating bacteria by the Most Probable Number method (Somasegaran, 1994), and 

their presence in soil samples was qualitatively evaluated by determining the number of nodules 

produced in 18 plants grown from germinated sterilized seeds in Leonard jars, this contained 50 

g soil each in sterile vermiculite, N-free Jensen's solution in the lower chamber, and two plants 

were planted in each jar. Plants development, including nodulation were examined after ca. 6 

weeks.  

 

M.3.5. Statistical analyses. 

 

One-way and two-way ANOVA analyses were carried out with Kaleidagraph 4.5 

(Synergy Software, Reading, PA). Fisher's Least Significant Difference (LSD) post-hoc test at 

the A=0.05 level was used to evaluate how plant variables in Tables 2 and 3 responded to 

treatments (bacterial strains used as inoculum). 

 

M.3.6. Field trials. 

 

Two nitrogen-fixing, symbiotically-efficient bacterial strains, LmjC and LmjM3T, 

isolated from “terra rossa” soil from the known plant patches in Llombai, Valencia region, were 
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selected as inoculant strains. Peat-based inoculants were prepared for field trials using these 

strains and following standard methods for peat-based inoculant preparation (Somasegaran, 

1994). A black, neutral peat from Padul (Granada, Spain) was used, as its carrier properties have 

been shown to be optimal for rhizobial survival (Ruiz-Argüeso et al., 1979). Bacterial cultures 

(108 cfu/ml) were thoroughly imbibed in finely ground, sterilized peat (5 ml culture per 10 g of 

peat) shortly before their use for inoculation in order to maintain inoculum viability.  For field 

assays, Lmj seeds were scarified by overnight soaking in just-boiled water and germinated on 

agar plates. Germinated seeds were inoculated with the peat-based inoculants obtained as 

described above and following standard techniques (Somasegaran, 1994). Control plants were 

inoculated with a sterile peat preparation.  

 

The field trial site was located in Lloma de Coca, a municipality distant ca. 10 km from 

the Llombai Lmj plant patch, indistinguishable in its geo-botanic and edaphic characteristics, 

but where no Lmj plants have ever been observed (Navarro and Fos, 2006; Fos et al., 2006). 

This site is located in unprotected communal land for which no special permit was necessary. 

The GPS coordinates of the field site are listed in Table 3.1.  The adverse edaphic conditions of 

the area, where very small soil spots (200-2,000 cm2) appear within cracks of the limestone 

(Fig. 3.1), bar setting-up any properly designed experimental distribution. Instead, experiments 

were performed by carefully planting groups of 3 germinated seeds in soil spots outlining three 

tiny holes, each containing the peat inoculant. About 30 spots were chosen for each of the three 

treatments (inoculation with two different strains plus an uninoculated control), making sure 

that nascent roots were adequately covered by soil. Experiments were started in early October in 

all cases and ended in early Spring, soon after pod filling but before pods dried and opened. 

Inoculant strains were recovered from rhizospheric soil at the experimental sites and were 

identified after determining their recA sequences as previously described. 

 

M.4. DNA manipulation techniques. 

 

M.4.1. DNA extraction. 

 

Genomic DNA for Bradyrhizobium strains was extracted from cultures grown in YMB or 

AG using DNeasy Blood & Tissue Kit columns (QIAGEN Ltd.). It was used for PCR 

amplifications, sequencing or Southern hybridizations. An “economic” DNA extraction was 

achieved from plate culture obtaining a pellet of cells from fresh cultures, followed by the 

addition of 20 µl of a lysis solution (0.05 M NaOH, 0.25% SDS). The samples were incubated 

15 min at 90°C, with a subsequent addition of 100 µl of water and two sequential steps of 

centrifugation. The DNA was recovered in the supernatant.   
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Plasmid DNA preparations were obtained from E. coli cells by standard protocols 

(Sambrook and Russell, 2001). When needed for sequencing or cloning, plasmid DNA was also 

obtained with the kit NucleoSpin Plasmid (Machery-Nagel; Cultek) from exponential-phase 

cultures.  

  

M.4.2. PCR amplification and electrophoresis. 

 

Purified DNA (5 to 20 ng) was used as template for PCR amplifications. Standard PCRs 

were carried out with Taq DNA Polymerase (Roche) and DreamTaq DNA Polymerase (Life 

technologies) in a 25 µl total volume. Oligonucleotides were obtained from Sigma-Aldrich Co 

and biomers GmbH (Germany) (Table M.5.1). For Southern sonda, all PCR reactions were 

carried out in 50 µl total volume with Expand High Fidelity PCR System kit (Roche) following 

the manufacturer’s instructions. For M13 fingerprinting analysis conditions were those defined 

by Rivas et al., (2006). PCR products for the vectors insertion, Pfu DNA Polymerase (Life 

technologies, Thermo Scientific) was employed. Colony PCR was used as an alternative method 

for quick screen for plasmid inserts. Directly part of a E. coli colony was transfer in 25 µl total 

volume, them denaturate for 5 min at 95°C for cell breakage. Following PCR amplification, 

unincorporated primers and dNTPs were removed either directly from PCR products or by gel 

electrophoresis followed by band purification using NucleoSpin® Gel and PCR Clean-up 

(Machery-Nagel, Cultek).  

 

M.4.3. Oligonucleotides used in this work. 
 
Table M.5.1 diversity study. 

Name Sequence (5’-3’) gene reference 
 

M13 GAGGGTGGCGGTTCT  Rivas et al, 2006 
16S 41f GCTCAGATTGAACGCTGGCG 16S rRNA Herrera-Cervera et al., 1999 16S 1488r CGGTTACCTTGTTACGACTTCACC 
IGS_F TGCGGCTGGATCMCCTCCTT IGS  
IGS_R CCGGGTTTCCCCATTCGG   
recA_41F TTCGGCAAGGGMTCGRTSATG 

recA 
Vinuesa et al., 2005 recA_640R ACATSACRCCGATCTTCATGC 

recA_12F TGCCCTGCGTATCGTTGAAG This work recA_840R GAGGATCTCGCCCATCTTGG 
GSII-1 AACGCAGATCAAGGAATTCG glnII Turner and Young, 2000 GSII-4 GCGAACGATCTGGTAGGGGT 
nodA65F TKYGCTGGGAAARYGA nodA Durán et al., 2013 nodA616R ACAKYTCDGGCCCGTT 
TSatpDf TCTGGTCCGYGGCCAGGAAG atpD Stepkowski et al., 2005 TSatpDr CGACACTTCCGARCCSGCCTG  
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Table M.5.2 continuation   
   
Name Sequence (5’-3’) gene reference 
nifH_F TACGGNAARGGNGGNATCGGCAA nifH Durán et al., 2013 nifH_R AGCATGKCYTCSAGYTCNTCCA 
NodC_for540   TGATYGAYATGGARTAYTGGCT 

nodC Sarita et al., 2005 NodC_rev1160 CGYGACARCCARTCGCTRTTG 
nodCFn AGGTGGTYGAYGACGGTTC Laguerre et al., 2001 
	   	   	   	  

 

Table M.5.2 Plasmid presence study. 

Name Sequence (5’-3’) gene reference 
	   	   	   	  

74U repA GGCACGCGGGCATTCTTT 

repA 

This work 
Internal region of repA 1061L repA CGGTCGATTTCCACACAG 

repA_F_31 CGT GGC CAT CTC TCA AGA CG This work repA_R_99 TTT CAA GGA GCG AAC CGA GC 
27U_repB CTTGCCGCGGGTCTCG 

repB 

This work 
Internal region of repB 925L_repB CACTGCTCTTCTTGGA 

repB_F_48 GTG TGG GGT CGA TGA GCA AA This work repB_R_19 CCT TGT CTG CTC CTG GTT CG 
repC_F_69 TCA CTT TCG CGA ATC GCA GT repC This work repC_R_86 CGA TCT CTC CGA ACG GCT TC 
    

 

Table M.5.3. NopE expression vectors. 
ID Sequence (5’-3’) 

  

Nde-nopE CTCATATGGGCAACGCCGATCGCCTCa 

StrepCt-nopE TCACTTTTCGAACTGCGGGTGGCTCCAGGCCGCCTGCGGAATGTCCTGb 

MalE-nopE_NotI tataGCGGCCGCATGATTTCAGATGTCGCACAG 
strep-nopE_EcoRI GAATTCTCACTTTTCGAACTGCGGGTGGCTCCAGGCCGCCTGCGGAATGTCCTG 
1994_revc   TGATGCCTGGCAGTTTATG	  
2219_forc    TCTGCTGACTGATGAAGGTCTGG	  
LmjC-‐DA-‐for	   CAAGGTCTGGGGGGCCCCTCATATCGAGACCG	  
LmjC-‐DA-‐rev	   CGGTCTCGATATGAGGGGCCCCCCAGACCTTG	  
nopE1 GGGGACAAGTTTGTACAAAAAAGCAGGCTGAATTCGCGGGCGATGTAACCTTCGG 
nopE2 GGGGACAACTTTGTATAGAAAAGTTGGGTGTAATGGGGGCACGGACGAT	  
nopE3	   GGGGACAACTTTGTATAATAAAGTTGGCTCGGTCGGTTCGGTAGGC 
nopE4	   GGGGACCACTTTGTACAAGAAAGCTGGGTGAATTCCGCAGTGGCGGTGGCAATCA	  
  

aNdeI (rojo)-codón de iniciación nopE para pT7-, bFin nopE (verde) + cola Strep (rojo), c oligos comprobación (oligos externos que amplifican a 
partir de la secuencia de pMal_c5x (tanto para el comprobar el inserto ass como el mutante). 

	  
 

The size of DNA fragments was checked by electrophoresis, using horizontal 1% agarose 

gels submerged in TBE or TAE buffer (Sambrook and Russell, 2001). DNA samples were 

prepared with 1/4 volume of loading buffer; glycerol 60 %, EDTA 20 mM, bromophenol blue 

0,25%, ribonuclease A 20 U/ml, orange G (Sigma) was added to the loading buffer for samples 

of small size. Ethidium bromide (1 µg/ml) was added directly to the gel in the moment of the 
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preparation of them. Fragment sizes were estimated by comparing their rates of migration to 

those from the reference pattern obtained from Phage Lambda DNA digested with Hind III 

(Roche) or commercial 100 bp or 1kb DNA ladders (Nippon Genetics, Cultek). 

 

M.4.4. Fingerprint and biodiversity analysis. 

 

The M13 Random Amplified Polymorphic DNA polymerase chain reaction (RAPD-

PCR) technique was used to generate genomic fingerprinting of the 103 isolates investigated. 

The size of the fragments obtained ranged between 100 and 3,000 bp and running in a 1% 

agarose gel during 2 hours at 100 V. Based on RETs, Lmj rhizobial diversities in the four 

different geographical locations were estimated. The strain richness index at each location was 

calculated by dividing the number of strains (RETs) identified by the number of isolates 

sampled (McInnes, 2004). The genetic diversity at a site (h) was calculated based on the 

frequency of each RET using a formula based on multilocus enzyme electrophoresis analysis, as 

h = [1 - Σpi
2][N/(N - 1)], where pi is the RET frequency of (ni/N), ni is the number of isolates in 

each RET, N is the total of isolates per site, and [N/(N - 1)] is a correction for bias in small 

samples (Ormeño-Orrillo, 2006, Selander, 1986, Silva, 2005) 

 

M.4.5. DNA sequencing and primer design. 

 

Primer design was carried out using Oligo 4.0 software (Molecular Biology Insights, Inc., 

Cascade, Colorado, USA), Primer3 (Rozen and Skaletsky, 2000), Geneious 5.4 software 

(Kearse et al., 2012) and NCBI webpage utility. DNA sequencing was used to determinate the 

nucleotide sequence of PCR fragments employed in the biodiversity study and to confirm the 

correct sequence of plasmids and DNA inserts. Sequencing reactions were carried out at 

Secugen (Madrid, Spain), Macrogen (Seoul, Korea), Stabvida (Lisboa, Portugal) and GATC 

Biotech (Constance, Germany). Sequence chromatograms were analyzed using the 

SequencherTM 4.1 software (Gene Codes Corporation, Ann Arbor, Michigan, USA) and 

Geneious 5.4 software. Nucleotide and protein database searches were done using BLAST 

(Basic Local Alignment Search Tool; Altschul et al., 1990) at NCBI, RhizoBase or UniProt 

public databases. 

 

M.4.6. Phylogenetic analysis. 

 

A sequence alignemnts were performed using CLUSTALW (Chenna et al., 2003), except 

for 16S rRNA sequences that were aligned by SINA alignment service form the SILVA 

database (http://www.arb-silva.de/aligner/) (Pruesse et al., 2012). Phylogenetic and molecular 



 Material and methods 

 

evolutionary analyses were conducted using MEGA 5 (Tamura et al., 2011). The neighbor-

joining statistical method and the Kimura two-parameter model were used for all the genes with 

the exception of MIIA nopE domain analysis, that were the evolutionary distance were 

computed using the p-distance method (Nei and Kumar, 2000). Multilocus sequence analysis 

(MLSA) with recA, glnII, and atpD, was maked. Phylogenetic trees were bootstrapped with 

Bosea thiooxidans DSN 9653 (16S rRNA), S. meliloti 1021 (atpD+glnII+recA and glnII+recA), 

A. caulinodans ORS571 (nodA and nodC). 

 

M.4.7. DNA Cloning. 

 

Restriction enzyme digestions were carried out by standard protocols (Sambrook and 

Russell, 2001). When necessary, reactions were stopped by an incubation of 10 min at 65°C. 

Ligations were done with T4 DNA ligase (Roche) according to the manufacturer’s instructions 

and in the case of the electroporation procedure 5 µl of DNA was dialyzed during 1 hour 

employed Type-VS Millipore membrane (Merck Millipore, USA).  

Cloning of PCR products was done by using pCR™2.1-TOPO® vector from TOPO® TA 

Cloning® Kit (Invitrogen, Life Technologies), according to the manufacturer’s instructions. 

Addition of 3’ A-overhangs was needed after amplification with Expand High Fidelity PCR 

System kit (Roche).  

 

M.4.8. Plasmid transfer by transformation. 

 

Chemically competent cell from Escherichia coli DH5α or S17.1 were prepared 

according to the CaCl2 cell permeabilization (Dagert and Erlich, 1979) or following the process 

described by Hanahan (1983). Subsequent transformation with plasmid DNA was achieved by 

40” heat-shock at 42°C. Selection for recombinant cells was carried out on LB plates 

supplemented with the corresponding antibiotics. 

Electrocompetent Escherichia coli DH10ß cells were employed. Plasmid DNA was 

introduced by electroporation using a 0.2 cm cuvette and a GenePulser (BTX Electro Cell 

Manipulator) set to: 25µF, 2.5 KV and 200 Ohm. Transformants were selected on LB plates 

containing the appropriate antibiotics.  

 

M.4.9. Plasmid transfer by bacterial conjugation. 

 

Plasmids were transferred to B. sp LmjC strain either by biparental conjugation using E. 

coli S17.1 (Simon et al.,  1983) with the corresponding insertion as donor strain, or mobilized 

using pRK2013 or pRK2073 as helper plasmids (Figurski and Helinski, 1979) in a triparental 
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mating. Donor, helper when needed, and recipient strains were incubated on filters of 0.22 µm 

for 6-12h at 28°C on TY plates, according to Palacios et al.  (1988). After, filters were rinsed in 

2 ml of sterile TY medium, and cells were plated into YMA plates, supplemented with 

nitrofurantoin (5 µg/ml) to avoid E. coli growth, and with the corresponding antibiotics.   



 

 
 

Table M.6. Accession numbers of sequences used in this study. 
 

Isolate or straina Accesion numberb 
16s rRNA atpD glnII recA nodA nodC 

B. sp LmjA2 HQ233226 HQ233186 HQ233161 HQ233142 JX518547 HQ233205 
B. sp LmjB2b  HQ233227 HQ233183 HQ233172 HQ233151 JX518548 HQ233207 
B. sp LmjC HQ233230 HQ233190 HQ233162 HQ233143 JX518549 HQ233209 
B. sp LmjD32 HQ233232 HQ233193 HQ233177 HQ233155 JX518550 HQ233211 
B. sp LmjH2p HQ233233 HQ233191 HQ233164 HQ233144 JX518551 HQ233212 
B. sp LmjG2 JX514876 JX518554 JX518568 JX518582 JX518533 JX514890 
B. sp LmjG3 JX514877 JX518555 JX518569 JX518583 JX518534 JX514891 
B. sp LmjL5 JX514878 JX518556 JX518570 JX518584 JX518535 JX514892 
B. sp LmjL7 JX514879 JX518557 JX518571 JX518585 JX518536 JX514893 
B. sp LmjL9 JX514880 JX518558 JX518572 JX518586 JX518537 JX514894 
B. sp LmjM1 JX514881 JX518559 JX518573 JX518587 JX518538 JX514895 
B. sp LmjM2 JX514882 JX518560 JX518574 JX518588 JX518539 JX514896 
B. sp LmjM3 JX514883 JX518561 JX518575 JX518589 JX518540 JX514897 
B. sp LmjM6 JX514884 JX518562 JX518576 JX518590 JX518541 JX514898 
B. sp LmjM10 JX514885 JX518563 JX518577 JX518591 JX518542 JX514899 
B. sp LmjTA6 JX514886 JX518564 JX518578 JX518592 JX518543 JX514900 
B. sp LmjTa10 JX514887 JX518565 JX518579 JX518593 JX518544 JX514901 
B. sp LmjX7 JX514888 JX518566 JX518580 JX518594 JX518545 JX514902 
B. sp LmjX10 JX514889 JX518567 JX518581 JX518595 JX518546 JX514903 
ISLU101 - HQ233203 HQ233165 HQ233145 g HQ233213 
Lan55 - g g g g g 
ISLU8  - HQ233197 HQ233169 HQ233148 g g 
ISLU15 - tw HQ233179 HQ233160 tw tw 
ISLU12 - HQ233199 HQ233166 HQ233146 tw HQ233214 
ISLU9 - HQ233198 HQ233168 HQ233156 tw HQ233220 
ISLU13 - HQ233202 HQ233167 HQ233147 g g 
ISLU21 - HQ233201 HQ233180 g g HQ233217 
ISLU40 - HQ233195 HQ233178 HQ233157 tw HQ233219 
La35 - g g g g g 
ISLU16 - HQ233200 HQ233181 HQ233141 tw HQ233224 
USDA275 - HQ233196 HQ233171 HQ233150 - HQ233223 
B. lablabi CCBAU 23086T GU433448 GU433473 GU433498 GU433522 JX518553 GU433565 
B. pachyrhizi PAC48T AY624135 FJ428208 FJ428201 HM047130 -c AB573868 
B. jicamae PAC68T AY624134 FJ428211 FJ428204 HM047133 JX518552 AB573869 
B. elkanii USDA76T U35000 AY386758 AY599117 AM168342 AM117554 HQ233221 
B. liaoningense LMG 18230T AF208513 AY386752 AY386775 AY591564 - - 
B. daqingense CCBAU 15774T HQ231274 HQ231289 HQ231301 HQ231270 - HQ231326 
B. japonicum USDA6T AB231927 AJ294388 AF169582 AM168341 AM117545 AP012206 
B. huanghuaihaiense CCBAU 23303T HQ231463 HQ231682 HQ231639 HQ231595 - HQ231507 
B. yuanmingense CCBAU 10071T AF193818 AY386760 AY386780 AY591566 AM117557 AB354633 
B. canariense BTA-1T AJ558025 AY386739 AY386765 AY591553 g HQ231507 
B. betae PL7HG1T AY372184 FM253129 AB353733 AB353734 - - 
B. cytisi CTAW11T EU561065 GU001613 GU001594 GU001575 - EU597844 
B. rifense CTAW71T EU561074 GU001617 GU001604 GU001585 - - 
B. iriomotense EK05T AB300992 AB300994 AB300995 AB300996 AB300999 - 



 

 
 

B. denitrificans LMG 8443T X66025 FM253153 HM047121 FM253196 - - 
B. neotropicale  BR 10247T       
B. paxllaeri LMTR21T AY923031      
B. icense LMTR13T KF896156      
B. ganzhouense RITF806T JQ796661      
B. retamae Ro19T KC247085      
B. ottawaense OO99T JN186270      
b. arachidis CCBAU 051107T HM107167      
B. diazoefficiens USDA110T NC004463      
B. ferriligni CCBAU 51502T       
B. erythrophlei CCBAU 53325T       
B. manausense BR3351T HQ641226      
B. oligotrophica LMG 10732T JQ619230      
B. ingae BR 10250T       
B. lupini DSM 3051T KM114861  KM114862 KM114866   
S. meliloti 1021 - AL591688 AL591985 AL591688 AE006469 GQ507335 
R. etli CFN42       
R. leguminosarum bv. viciae 3841 - - - - AM236084 AM236084 
A. caulinodans ORS 571 - - - - AP009384 AP009384 
Bosea thiooxidans DSM 9653 NR041994 - - - - - 

a Abbreviations for the host generic names are as follows: B., Bradyrhizobium; Be., Beta; C., Cytisus; Ch., 
Chamaecytisus; E., Entada; G., Glycine; L., lupinus; La., Lablab; M., Medicago; R., Rhizobium; S., Sinorhizobium; 
P., Pisum; Pa., Pachyrhizus. b Sequences in bold type were determined in this study. c Not Determined / Not Used 

 

M.4.10. Plasmid profile determination in Bradyrhizobium strains. 

 

Plasmid presence in Bradyrhizobium was determined by electrophoretic separation 

according to the procedure described by Eckhardt et al. (1978) with some modifications (Rohde 

and Henze, 2011). Briefly, cells were precultured in 5 ml of AG media for 48 h and then, 500 µl 

were transferred to a fresh medium, and allowed growing for 8 h. Cells were harvested, and 

OD600 was about 0.2-0.4, cells were washed with 500 µl of a 0.3% sarkosyl cold solution. Pellet 

was suspended into 20 µl of freshly prepared lysis solution with 0.1 mg/ml of lysozyme and 10 

µl/ml of RNAse A in buffer 1 (0.025 M Tris, pH 8.0, 25% sucrose, 0.250 M EDTA, 7% Ficoll 

400) and immediately loaded into an agarose gel (0.8%) with 1% SDS. 10 µl of an upper buffer 

(0.025 M Tris, pH8.0, 10% SDS, 25% sucrose, 0.07% bromophenol blue). After 15 min, low 

voltage was applied (2 h at 10 mA, followed by 12 h at 40 Ma). Gels were stained with 

ethidium bromide after the electrophoretic run.  

 

M.4.11. Nucleic acid hybridization (southern blot). 

 

Genomic DNA was digest with restriction enzymes, and the fragments generated were 

separated by electrophoresis (1% Agarose) and then transferred to nylon membranes following 

the method described by Southern (1975). Non-radioactive DNA probes were prepared by PCR 



 

 
 

amplification with the addition of a labeled nucleotide (Digoxigenin (DIG)-11-dUTP, Roche 

Molecular Biochemicals, Mannheim, Germany) and a mix of hexanucleotides at a 40 µM final 

concentration. The specific DNA probes tested were denatured at 100°C for 10 min, or 30 min 

at 65ºC in the case of a second use. In each case, membrane was prehybridized at 42°C for 1 h 

with hybridization buffer (NaCl 0.75 M, sodium citrate 75 mM pH 7.0, formamide 50% v/v, 

SDS 7%, sodium phosphate 50 mM pH 7.0 and v/v n-lauroilsarcosine 0.1%). Membranes were 

hybridized during 16 h in presence of the labeled probe. Afterwards, membranes were washed 

twice at 65°C for 15 min with WSI (washing solution I: NaCl 0.3 M, sodium citrate 30 mM pH 

7.0 and SDS 0.1%), once with WSII (washing solution II: NaCl 15 mM, sodium citrate 0.3 mM 

pH 7.0 and SDS 0.1%) at 42°C for 15 min, finally, membranes were washed three times with 

B1 solution (Tris-HCl 0.1 M pH7.5 and NaCl 0.15 M) at room temperature for 5 min. 

Membranes were then incubated with an alkaline phosphatase-conjugated anti-antibody, 

followed by an incubation with the alkaline phosphatase chemiluminescent substrate, CSPD. 

Hybridizing bands were visualized using DIG Luminescent Detection Kit as described by the 

manufacturer (Roche Molecular Biochemicals, Mannheim, Germany). After exposing 

autoradiography film during 2 h at room temperature in darkness, bands were revealed with a 

GP1000 Tabletop Processor (AGFA).  

 

M.5. Construction of plasmid expressing LmjC NopE fusion proteins.  

 

M.5.1. nopE mutant construction. / Generation of nopE mutants. 

 

Following Gateway technology (Invitrogen), ΔnopE mutant has been generated by 

interrupting the gene with a spectinomycin resistance cassette flanked by two homology regions 

that allows recombination, both fragments PCR (nopE1/nopE2/nopE3/nopE4 primers) were 

amplified from template genomic LmjC DNA. The 2,4 kb pb product was cloned into plasmid 

pCR™2.1-TOPO® (Invitrogen) and the sequence was checked with commercial primers. This 

fragment has been subsequently cloned into pK18mobsacB/ pK19mobsacB suicide vectors and 

transferred to S17.1 E. coli strain. The resulting plasmid was introduced into LmjC by 

conjugation. Homologous recombination has been selected using the sacB system and searching 

for spectinomycin resistance. Insertions have been confirmed by PCR and Southern using the 

corresponding genomic DNA from each candidate.  

 

M.5.2. Construction of NopE expression plasmids. 

 

Two different approaches were used for express NopE from plasmids. First, nopE was 

PCR amplified from template genomic LmjC DNA using a Nde-nopE primer and Strep-tagged 



 

 
 

primer. Annealing temperature was 59 ºC. A 1313 pb product containing StrepCt-nopE was 

cloned into plasmid pCR™2.1-TOPO® (Invitrogen) and the construction was confirmed by 

sequencing. Topo derivative was used to transform DH5α (LB Km Xgal). Plasmid from the 

transformants was digested with NdeI and HindIII and then the 1.3 kb fragment was 

subsequently cloned into pT7-7 expression vector, resulting in pT7-nopE-Strep plasmid and 

transferred to BL21(DE3) competent cells (LB amp) by transformation generated nopE-strep 

(1.6) expression vector. In the second approach LmjC_NopE gene was cloned into the vector 

pMal-c5x (New England Biolabs). The nopE DNA sequence (1305 nt) was amplified from 

LmjC genomic DNA by PCR using Pfu polymerase (Thermo Scientific) and the primers 

MalE_nopE_for and strep_nopE_rev. The amplified DNA fragment was cloned in pMal-c5x 

using NdeI and EcoRI restriction sites. Resulting in plasmid pMNES.6. this plasmid encode a 

nopE with a Nt Mal-E fussion and a Ct Strep tag II.  

 

M.5.3. Construction of MIIA domain mutant. 

 

A NopE site directed mutagenesis in Lmj NopE, D176A, was performed to site residue 

aspartate (GAC) (176) into alanine (GCC). The QuikChange protocol (Stratagene) was followed 

using primers LmjC-DA-for and LmjC-DA-rev, and pMNES.6 as template. The introduction of 

the mutation generated a new ApaI restriction site. The sequence of the resulting plasmid 

pMNES.DA was checked by sequencing. Plasmids pMNES.6 and pMNES.DA were propagated 

in E. coli DH10ß. 

	  	  

M.6. Protein techniques 

Anti-MBP and anti-strep chromatography columns 

 
M.6.1. nopE derivatives protein expression and purification. 

 

The plasmids pNopE-Strep 1.6 coding for nopE-Strep and pMNES.6, pMNES.DA coding 

for the fusion proteins MalE-nopE-Strep and MalE-nopE(DA)-Strep respectively, were used to 

transform in E. coli BL21 (DE3) (Novagen). Strains were grown in LB medium containing 

ampicillin (100 µg/ml). Induction of expression was performed as described previously (Wenzel 

et al., 2010). After induction with IPTG (100 µM), cultures were grown at 30°C for 4h. Then 

cells were harvested and sonicated. Cell crude extracts were obtained using TKE buffer (Tris 50 

mM, KCl 0.2 M, EDTA10 mM, pH 8.0). Soluble fusion proteins were purified by affinity 

chromatography by a Strep affinity column for nopE-Strep 1.6 elution and MBPTrap HP 

columns (GE healthcare) for the MalE-nopE-Strep and MalE-nopE(DA)-Strep, using TKE 



 

 
 

buffer (pH 8.0) for loading and 10 mM maltose in TKE for elution. The protein concentration 

was determinate using Roti-Nanoquant (ROTH) 

 

M.6.2. Test for NopE protein auto-cleavage activity. 

 

The autocleavage activity of the NopE fusion proteins were analyzed by incubation of the 

5 ug of purified protein with solutions of CaCl2, CdCl2, CoCl2, CuCl2, NiCl2, MnCl2, MgCl2 and 

ZnCl2 (25 mM in TKE) for 30 min at room temperature. The thermostability of cleavage 

reaction of MIIA domain was analyzed at pH 6.8, and the pH was preadjusted for each 

temperature. The pH-adjusted protein solution was preincubated for 5 min at the indicated 

temperature. Then, preheated calcium solution was added and the protein was incubated at the 

indicated temperature for 30 min. preheated of purified protein and calcium solution were used 

for test the activity at 0, 10, 20, 30 and 40ºC. a gradient of calcium solution concentration was 

employed for determinate the minimal concentration necessary for the cleavage happens. When 

was necessary the reaction was stopped by addition of 100 mM EDTA. NopE autocatalysis was 

analyzed by SDS-PAGE (referencia). Gels were stained with Coomassie brilliant blue R250 

(fast stain, Carl Roth) after electrophoresis.  

 
M.6.3. Genistein-dependent secretion of NopE. 

 

Bradyrhizobium sp. LmjC was cultivated in AG medium at 28°C for 3 days. Cells were 

induced by the addition of 100 µM genistein and further incubated for 72 hrs. Cultures were 

harvested by centrifugation (4000 x g, 30 min). Culture supernatants were lyophilized for 48 to 

72 hrs. to reduce the volume. Proteins of the supernatant were dissolved in 100 µl rehydration 

buffer (Süß et al., (2008). For SDS-PAGE, protein samples were diluted with SDS running 

buffer and incubated at 95°C for 10 min. After electrophoresis proteins were transferred to a 

PVDF membrane and subsequently detected with anti-NopE1 (USDA 110T) and secondary 

antibody anti-rabbit-HRP. The signals were detected by ECL prime (GE healthcare). 

 

M.7. Bioinformatics, Genome sequence analysis. 

 

M.7.1. Genome sequencing and assembling. 

 

Bradyrhizobium selected strains for the genomic sequencing are listed in the table XX 

selected. Genomic DNA was prepared from 400 ml of culture (OD600 ≈ 1.0) grown in AG 

medium, in the case of Lmj strains, and in YMB medium for the other strains. CTAB (Cetyl 

Trimethyl Ammonium Bromide) bacterial genomic DNA isolation method or DNA blood tissue 



 

 
 

kit (QUIAGEN) were employed. The concentration was determinate loading 5 µl in a 1% 

agarose gel and using a Qubit® 2.0 Fluorometer (life technologies). For determinate the purity 

of the samples Nanodrop was employed (ratio A260/A280).  
 

In the case of LmjC and ISLU101 strains a 4 kb shotgun library was used for whole-genome 

sequencing by means of the 454 GS-FLX pyrosequencing technology (Roche) at the Institute 

for Genome Sciences (Institute for Genome Sciences, Baltimore, University of Maryland). 

778,332 paired-end reads were obtained, with 20x told coverage. Sequences were trimmed to 

remove vector and low-quality regions. Trimmed sequences were assembled using the Celera 

Assembler CA5.4 (Myers et al., 2000), leading to 771 contigs grouped into 26 scaffolds. The 

assembly was visualized using Hawkeye tool (Schatz et al., 2007), from the AMOS package 

(3.1.0 version; Treangen et al.,  2011).  
 

Lmj strains: LmjXXXX were sequencing by Illumina HiSeq2000 at the Beijing Genomics 

Institute (China), with a 500 bp paired-end libraries, 100 bp reads, 7 million reads. For ISLU8, 

ISLU12, ISLU13, ISLU21, ISLU101, ISLU_La35, LmjC and B. canariense BTA-1T Illumina 

MiSeq V3 was employed, with read length of 2x300, the reads were trimmed with 

Trimmomatic (version 0.22; Lohse et al., 2012) and the read quality was evaluated with FastQC 

(version 3; Babraham Bioinformatics). Illumina reads were then assembled with SPAdes 

software (version 3.5.0, Nurk, Bankevich et al., 2013)  
Two genomic data were available for LmjC and ISLU101 strains. The SPAdes assembler was 

used to create a hybrid assembly with the combination of original 454 pyrosequencing contigs 

as a “real contigs”, and the Illumina reads. This strategy allowed the construction of a genome 

sequence database of only 33 contigs in 5 scaffolds. This assembly was visualized using the 

Geneious Pro software (version 5.6.5; Biomatters; Auckland, New Zealand).  

 

M.7.2. Genome annotation. 

 

For LmjC and ISLU101 genome sequence were annotated using Manatee annotation tool 

(Institute for Genome Sciences, University of Maryland, Baltimore), which predicts ORFs 

through Glimmer algorithm (Delcher et al., 1999). Manatee is a web-based tool that provides 

summary views of statistics and information from the genome, allowing functional annotation 

through different supporting evidence, including EC numbers, Gene Ontology terms, BER 

(BLAST_extend_repraze) pairwise matches, HMM matches, TMHMM/SignalP results or 

PROSITE matches. In adition RAST annotation server was employed (Azziz et al., 2008) 

 



 

 
 

M.7.3. Comparative genomics. 

 

Draft genome sequences were used for ANI-MUMmer (ANIm) and ANI-BLAST (ANIb) 

calculations with the JSpecies package (Richter and Rossello-Mora, 2009). Distances were 

calculated as 1-ANIm and trees computed by the UPGMA method (Sneath and Sokal, 1973) 

using the MEGA 5 package. The resulting tree reflecting the genomic homology among related 

species of the genus Bradyrhizobium is shown in Fig. 4.1. Calculated ANIb and ANIm values 

for the species delineation are indicated in Table 5.1. Codon and amino acid usage figures were 

obtained with the tools installed in a virtual box installation of the Biotools – Xubuntu package 

from the CBS (Center for Biological Sequence analysis, Technical University of Denmark), 

based on Prodigal (Prokaryotic Dynamic Programming Genefinding Algorithm; Hyatt et al., 

2010). This package was also used to build the BLAST matrix reflecting the homology between 

proteomes of Bradyrhizobium strains studied and the pan and core genome plot was calculated.  

 

M.7.4. Symbiotic DNA region analysis. 

 

The genes related with the symbiotic process, nod, nif and fix organized in cluster were 

predicted, annotated and assembly using Geneious software, this three cluster were obtained for 

Lmj, ISLU and reference strains.  
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Figure S1. RecA neighbor-joining phylogenetic tree of Lmj rhizobial strains. Strains from each representing a 
RAPD electrophoretic profile (RET), all from RET, and of representative strains from named Bradyrhizobium 
species, based on aligned recA gene sequences (375 bp) are showed. The significance of each branch is indicated at 
the branching points by a bootstrap percentage calculated for 1000 subsets (only values higher than 70% are 
indicated). Scale bar = 0.02. 
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Figure S2. Concatenate neighbor-joining phylogenetic tree of Lmj rhizobial strains. Strains from each 
representing a RAPD electrophoretic profile (RET), and of representative strains from named Bradyrhizobium 
species, based on aligned recA and glnII genes concateneted sequences (952 bp) are showed. The significance of each 
branch is indicated at the branching points by a bootstrap percentage calculated for 1000 subsets (only values higher 
than 70% are indicated). Scale bar = 0.02. 
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Figure S3. nodA rRNA neighbor-joining phylogenetic tree of Lmj rhizobial strains. Strains from each 
representing a RAPD electrophoretic profile (RET), and of representative strains from named Bradyrhizobium 
species, based on aligned nodA gene sequences (461 bp) are showed. The significance of each branch is indicated at 
the branching points by a bootstrap percentage calculated for 1000 subsets (only values higher than 70% are 
indicated). Scale bar = 0.05.  
 

 LmjG3 
 LmjTa6 
 LmjM10 
 LmjG2 
 LmjTa10 

 LmjM1 
 LmjM6 
 LmjM3 
 LmjM2 
 B. retamae Ro19T  

 B. icense LMTR 13T 
 B. lablabi CCBAU 23086T  
 B. paxllaeri LMTR 21T  

Cluster B 

 LmjX7 
 LmjX10 
 LmjH2p 
 LmjC 
 LmjA2 
 LmjL5 
 LmjL9 
 LmjL7 
 LmjB2b 
 LmjD32 

Cluster A 

 B. jicamae PAC68T 
 B. iriomotense EK05T 

 ISLU15  
 ISLU40 

 B. cytisi CTAW11T  
 B. canariense BTA-1T 

 ISLU12 
 ISLU21 

 ISLU8 
 ISLU13  

 ISLU101 
 ISLU_La35  
 ISLU_Lan55 

 B. elkanii USDA 76T  
 B. arachidis CCBAU 051107T 

 B. yuanmingense CCBAU 10071T 
 B. japonicum USDA 6T  
 B. daqingense CCBAU 15774T  
 B. huanghuaihaiense CCBAU 23303T  
 B. diazoefficians USDA 110T  

 A. caulinodans ORS571 

100 
99 

100 

90 
89 

96 
95 

96 

98 

100 

97 
96 

100 

83 
98 

100 
78 

100 

100 

97 

100 

0.05 




