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Abstract

We used phylogenetic and population genetics approaches to evaluate the importance of
the evolutionary forces on shaping the genetic structure of 

 

Rhizobium gallicum

 

 and related
species. We analysed 54 strains from several populations distributed in the Northern
Hemisphere, using nucleotide sequences of three ‘core’ chromosomal genes (

 

rrs

 

, 

 

glnII

 

 and

 

atpD

 

) and two ‘auxiliary’ symbiotic genes (

 

nifH

 

 and 

 

nodB

 

) to elucidate the biogeographic
history of the species and symbiotic ecotypes (biovarieties) within species. The analyses
revealed that strains classified as 

 

Rhizobium mongolense

 

 and 

 

Rhizobium yanglingense

 

belong to the chromosomal evolutionary lineage of 

 

R. gallicum

 

 and harbour symbiotic
genes corresponding to a new biovar; we propose their reclassification as 

 

R

 

. 

 

gallicum

 

 bv.

 

orientale

 

. The comparison of the chromosomal and symbiotic genes revealed evidence of
lateral transfer of symbiotic information within and across species. Genetic differentiation
analyses based on the chromosomal protein-coding genes revealed a biogeographic pattern
with three main populations, whereas the 16S rDNA sequences did not resolve that bio-
geographic pattern. Both the phylogenetic and population genetic analyses showed evidence
of recombination at the 

 

rrs

 

 locus. We discuss our results in the light of the contrasting views
of bacterial species expressed by microbial taxonomist and evolutionary biologists.

 

Keywords

 

: bacterial systematics, biogeography, ecotypes, migration, recombination, species
concept

 

Received 23 April 2005; revision received 8 July 2005; accepted 25 July 2005

 

Introduction

 

Rhizobia are free-living heterotrophic bacteria that
have the ability to establish symbiotic associations with
leguminous plants. They therefore represent a good model
to investigate diverse aspects of bacterial ecology and
evolution (Young & Johnston 1989; Wernegreen & Riley
1999). In 

 

Rhizobium

 

 and 

 

Sinorhizobium

 

 species, most of
the symbiosis-specific genes required for nodulation and
nitrogen fixation are borne on large plasmids, called sym-
biotic plasmids (García de los Santos 

 

et al

 

. 1996; Romero &
Brom 2004). The suite of nodulation genes carried by a
strain largely determines its host range and specificity (Spaink
2000). Within a rhizobial species, different symbiotic

ecotypes (biovarieties) can exist due to the presence of
alternative symbiotic plasmids encoding for different host
specificities. The subspecific taxonomic rank of biovariety
was created to handle the different symbiotic ecotypes
found within species (Graham 

 

et al

 

. 1991). In 

 

Rhizobium
gallicum

 

 two biovars have been described: 

 

gallicum

 

 and

 

phaseoli.

 

 The biovar 

 

gallicum

 

 has been reported only for

 

R

 

. 

 

gallicum

 

 strains isolated in Europe, America and North
Africa, and it is characterized by a broad host range,
nodulating legumes in the genera 

 

Phaseolus

 

, 

 

Leucaena

 

,

 

Macroptilium

 

, 

 

Onobrychis

 

, 

 

Sesbania

 

, 

 

Caliandra

 

, 

 

Gliricidia

 

and 

 

Piptadenia

 

 (Amarger 

 

et al

 

. 1997; Laguerre 

 

et al

 

. 1997;
Sessitsch 

 

et al

 

. 1997b; Herrera-Cervera 

 

et al

 

. 1999; Mhamdi

 

et al

 

. 1999; Silva 

 

et al

 

. 1999, 2003; Rodriguez-Navarro 

 

et al

 

.
2000; Zurdo-Piñeiro 

 

et al

 

. 2004). The biovar 

 

phaseoli

 

 strains
have been exclusively isolated from 

 

Phaseolus vulgaris

 

nodules and they are not able to establish nitrogen-fixing
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symbioses with 

 

Leucaena

 

, 

 

Macroptilium

 

 and 

 

Onobrychis

 

(Amarger 

 

et al

 

. 1997; Silva 

 

et al

 

. 2003). Other 

 

Phaseolus

 

nodulating species of 

 

Rhizobium

 

 have strains ascribed to
biovar 

 

phaseoli

 

, namely 

 

Rhizobium etli

 

, 

 

Rhizobium leguminosa-
rum

 

 and 

 

Rhizobium gardinii

 

 (Amarger 

 

et al

 

. 1997; Herrera-
Cervera 

 

et al

 

. 1999). The accepted biogeographic hypothesis
for the origin of biovar 

 

phaseoli

 

 symbiotic plasmids is that
they evolved in American 

 

R

 

. 

 

etli

 

 strains associated with
native 

 

P

 

. 

 

vulgaris

 

 plants (Martínez-Romero & Caballero-
Mellado 1996; Martínez-Romero 2003; Aguilar 

 

et al

 

. 2004).
It is postulated that 

 

R

 

. 

 

etli

 

 bv. 

 

phaseoli

 

 was introduced to
Europe and other parts of the world in historic times
along with common bean seeds, providing the ecological
opportunity for the biovar 

 

phaseoli

 

 symbiotic plasmids
to be laterally transferred from 

 

R

 

. 

 

etli

 

 to autochthonous

 

Rhizobium

 

 species (Segovia 

 

et al

 

. 1993; Martínez-Romero &
Caballero-Mellado 1996; Amarger 

 

et al

 

. 1997; Sessitsch 

 

et al

 

.
1997a; Pérez-Ramírez 

 

et al

 

. 1998; Mhamdi 

 

et al

 

. 1999;
Laguerre 

 

et al

 

. 2001; Brom 

 

et al

 

. 2002; Martínez-Romero
2003).

In addition to the lateral transfer of symbiotic informa-
tion among rhizobia, population genetic analyses using
multilocus enzyme electrophoresis (MLEE) data have demon-
strated that chromosomal homologous recombination is
frequent within rhizobial populations (Maynard Smith 

 

et al

 

.
1993; Souza 

 

et al

 

. 1994; Strain 

 

et al

 

. 1995; Hagen & Hamrick
1996; Silva 

 

et al

 

. 1999; Vinuesa 

 

et al

 

. 2005a), but rare
between sympatric species (Silva 

 

et al

 

. 2003; Vinuesa 

 

et al

 

.
2005c). Furthermore, like recombination, migration can
have profound effects on the genetic structure of rhizobial
populations by homogenizing gene pools that are distant,
thus increasing the effective population size (Strain 

 

et al

 

.
1995; Hagen & Hamrick 1996; Vinuesa & Silva 2004;
Vinuesa 

 

et al

 

. 2005c). Although reports of the same rhizobial
species isolated from very distant places of the world are
widespread in the literature, few studies have addressed
the question of genetic differentiation among popula-
tions. Some studies have detected significant differences
among geographically separated populations (Souza 

 

et al

 

.
1994; Hagen & Hamrick 1996) while some others have
found little geographic variation (Strain 

 

et al

 

. 1995; Vinuesa

 

et al

 

. 2005c).
In previous studies we analysed the spatial and temporal

genetic structure of local 

 

R

 

. 

 

etli

 

 and 

 

R

 

. 

 

gallicum

 

 populations
associated with common bean plants (

 

Phaseolus vulgaris

 

)
cultivated in San Miguel, Mexico (Silva 

 

et al

 

. 1999, 2003).
Population genetic analyses showed that recombination
and migration are important evolutionary forces shaping
the genetic structure of these local 

 

Rhizobium

 

 populations.
In the present study, we analyse a representative sample
of the San Miguel strains together with a large collection of

 

R

 

. 

 

gallicum

 

 strains isolated in different continents from
beans and other hosts. In recent phylogenetic studies of
rhizobia, strains described as 

 

R

 

. 

 

gallicum

 

 (Amarger 

 

et al

 

.

1997), 

 

Rhizobium mongolense

 

 (van Berkum 

 

et al

 

. 1998) and

 

Rhizobium yanglingense

 

 (Tan 

 

et al

 

. 2001) form a consistent
and highly supported clade based on the use of different
markers (Sawada 

 

et al

 

. 2003; Young 

 

et al

 

. 2004; Vinuesa

 

et al

 

. 2005b), suggesting that they may be one species. For
this reason some 

 

R

 

. 

 

mongolense

 

 and 

 

R

 

. 

 

yanglingense

 

 strains
were also included in the analyses here. Phylogenetic and
population genetics approaches based on multilocus
sequence analyses of three ‘core’ genes (

 

rrs

 

, 

 

atpD

 

 and glnII)
and two ‘auxiliary’ symbiotic loci (nodB and nifH ) were
used to address several issues of taxonomic, evolutionary
and ecological interest. The particular objectives were (i) to
determine by multilocus sequence analyses if the strains of
R. mongolense and R. yanglingense belong to the R. gallicum
evolutionary lineage, (ii) to address the importance of
different evolutionary forces in shaping the genetic
structure of several R. gallicum populations distributed in
the Northern Hemisphere, and (iii) to compare the evolu-
tionary histories of core chromosomal housekeeping
genes with those of plasmid-borne symbiotic genes.
We discuss our results in the context of current con-
cepts for bacterial biogeography and in the light of the dif-
ferent species concepts used in bacterial systematics.

Materials and methods

Bacterial strains and population sampling

The strains analysed are listed in Table 1 according to their
classification, host and country of origin. Most Rhizobium
gallicum strains were isolated from Phaseolus vulgaris
(Piñero et al. 1988; Eardly et al. 1995; Amarger et al. 1997;
Sessitsch et al. 1997b; Herrera-Cervera et al. 1999; Mhamdi
et al. 2002); only three Onobrychis isolates were included
(Laguerre et al. 1997). Nine Medicago ruthenica isolates
classified as Rhizobium mongolense (van Berkum et al. 1998)
and the only available Rhizobium yanglingense isolate (the
type strain isolated from Gueldenstaedtia multiflora, Tan et al.
2001) were included in the analyses. Additional relevant
reference strains of related taxa were included in the phylo-
genetic analyses, yielding a total of 91 strains (Table 1).

PCR amplification and DNA sequencing

Five loci were selected for polymerase chain reaction
(PCR) amplification and sequencing with the primers and
conditions listed in Table S1, based on a survey of publicly
available sequences generated in previous studies. We
chose three chromosomally encoded housekeeping genes:
(i) the widely used rrs (Amarger et al. 1997; Wernegreen
et al. 1997; Gaunt et al. 2001; Laguerre et al. 2001; Sawada
et al. 2003; van Berkum et al. 2003; Young et al. 2004;
Vinuesa et al. 2005a, b), coding for 16S rRNA [516 bp,
spanning from nucleotides 626–1142 of the R. gallicum
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Table 1 Bacterial strains used in this study
 

Strain Classification (reclassification)* Host Locality Reference

IE988 Rhizobium gallicum bv. gallicum Phaseolus vulgaris San Miguel, Mexico Silva et al. (2003)
IE992 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2703 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2729 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2735 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2751 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4770 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4845 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4868 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4872 R. gallicum bv. gallicum P. vulgaris San Miguel, Mexico Silva et al. (2003)
FL27 R. gallicum bv. gallicum P. vulgaris Tehuacán, Mexico Piñero et al. (1988)/Eardly et al. (1995)/

Sessitsch et al. (1997b)
FL34 R. leguminosarum bv. phaseoli 

(R. gallicum bv. gallicum)
P. vulgaris Tehuacán, Mexico Piñero et al. (1988)/

Eardly et al. (1995)
FL44 R. leguminosarum bv. phaseoli 

(R. gallicum bv. gallicum)
P. vulgaris Tehuacán, Mexico Piñero et al. (1988)/

Eardly et al. (1995)
FL48 R. leguminosarum bv. phaseoli 

(R. gallicum bv. gallicum)
P. vulgaris Tehuacán, Mexico Piñero et al. (1988)/

Eardly et al. (1995)
COC-11 R. leguminosarum bv. phaseoli 

(R. gallicum bv. gallicum)
P. coccineus Tepoztlán, Mexico Piñero et al. (1988)/

Eardly et al. (1995)
116-A15 R. gallicum bv. gallicum Onobrychis viciifolia Alberta, Canada Laguerre et al. (1997)
SM2 R. gallicum bv. gallicum O. viciifolia Alberta, Canada Laguerre et al. (1997)
USDA 3736 R. gallicum bv. gallicum O. transcaucasia Unknown Laguerre et al. (1997)
R602spT R. gallicum bv. gallicum P. vulgaris Maine et Loire, France Amarger et al. (1997)
DC-22 R. gallicum bv. gallicum P. vulgaris Cote d’Or, France Amarger et al. (1997)
PhF29 R. gallicum bv. gallicum P. vulgaris Cote d’Or, France Amarger et al. (1997)
PhF222 R. gallicum bv. gallicum P. vulgaris Tarn et Garonne, France Amarger et al. (1997)
PhD12 R. gallicum bv. phaseoli P. vulgaris Gers, France Amarger et al. (1997)
PhI21 R. gallicum bv. phaseoli P. vulgaris Gers, France Amarger et al. (1997)
GR-45 R. gallicum bv. gallicum P. vulgaris Granada, Spain Herrera-Cervera et al. (1999)
GR-89 R. gallicum bv. gallicum P. vulgaris Granada, Spain Herrera-Cervera et al. (1999)
GR-46 R. gallicum bv. gallicum P. vulgaris Granada, Spain Herrera-Cervera et al. (1999)
GR-55 R. gallicum bv. gallicum P. vulgaris Granada, Spain Herrera-Cervera et al. (1999)
GR-18 R. gallicum bv. phaseoli P. vulgaris Granada, Spain Herrera-Cervera et al. (1999)
GR-42 R. gallicum bv. phaseoli P. vulgaris Granada, Spain Herrera-Cervera et al. (1999)
GR-60 R. gallicum bv. phaseoli P. vulgaris Granada, Spain Herrera-Cervera et al. (1999)
CbS-1 R. gallicum bv. gallicum P. vulgaris Seibersdorf, Austria Sessitsch et al. (1997)
CbS-3 R. gallicum bv. gallicum P. vulgaris Seibersdorf, Austria Sessitsch et al. (1997)
CbS-17 R. gallicum bv. gallicum P. vulgaris Seibersdorf, Austria Sessitsch et al. (1997)
LAAP 23C2 R. gallicum bv. gallicum P. vulgaris Bizerte, Tunisia Mhamdi et al. (2002)
LAAP 28B3 R. gallicum bv. gallicum P. vulgaris Bizerte, Tunisia Mhamdi et al. (2002)
LAAP 32A5 R. gallicum bv. gallicum P. vulgaris Bizerte, Tunisia Mhamdi et al. (2002)
LAAP 28B7 R. gallicum bv. gallicum P. vulgaris Bizerte, Tunisia Mhamdi et al. (2002)
LAAP 8A3 R. gallicum bv. gallicum P. vulgaris Cap bon, Tunisia Mhamdi et al. (2002)
LAAP 21B7 R. gallicum bv. gallicum P. vulgaris Bizerte, Tunisia Mhamdi et al. (2002)
LAAP 7B4 R. gallicum bv. gallicum P. vulgaris Cap bon, Tunisia Mhamdi et al. (2002)
LAAP 10B2 R. gallicum bv. gallicum P. vulgaris Cap bon, Tunisia Mhamdi et al. (2002)
LAAP 7B6 R. gallicum bv. gallicum P. vulgaris Cap bon, Tunisia Mhamdi et al. (2002)
USDA 1844T R. mongolense Medicago ruthenica Tongliao, China van Berkum et al. (1998)

(R. gallicum bv. orientale)
USDA 1832 R. mongolense M. ruthenica Huhehot, China van Berkum et al. (1998)

(R. gallicum bv. orientale)
USDA 1834 R. mongolense M. ruthenica Xilinhot, China van Berkum et al. (1998)

(R. gallicum bv. orientale)
USDA 1836 R. mongolense M. ruthenica Xilinhot, China van Berkum et al. (1998)

(R. gallicum bv. orientale)
USDA 1849 R. mongolense M. ruthenica Tongliao, China van Berkum et al. (1998)

(R. gallicum bv. orientale)
USDA 1877 R. mongolense M. ruthenica Xilinhot, China van Berkum et al. (1998)

(R. gallicum bv. orientale)
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USDA 1890 R. mongolense M. ruthenica Huhehot, China van Berkum et al. (1998)
(R. gallicum bv. orientale)

USDA 1904 R. mongolense M. ruthenica Xilinhot, China van Berkum et al. (1998)
(R. gallicum bv. orientale)

USDA 1929 R. mongolense M. ruthenica Xilinhot, China van Berkum et al. (1998)
(R. gallicum bv. orientale)

SH22632T R. yanglingense Gueldenstaedtia Gansu, China Tan et al. (2001)
(R. gallicum bv. orientale) multiflora

SH2462 R. yanglingense Coronilla varia Gansu, China Tan et al. (2001)
(R. gallicum bv. orientale)

SH445 R. yanglingense Coronilla varia Shaanxi, China Tan et al. (2001)
(R. gallicum bv. orientale)

SH1718 R. yanglingense Coronilla varia Shaanxi, China Tan et al. (2001)
(R. gallicum bv. orientale)

Sh19351 Rhizobium sp. (Rhizobium sp. bv. 
orientale)

Glycyrrhiza mulenses Shaanxi, China Wernegreen & Riley (1999)

N95 Rhizobium sp. (Rhizobium sp. bv. 
orientale)

Hedysarum mongolicum China Wernegreen & Riley (1999)

IE950 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE954 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE1004 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE1009 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2704 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2730 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2737 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE2755 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4794 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4795 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4771 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)

(R. etli bv. mimosae)
IE4803 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4804 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4810 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4837 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4874 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
IE4876 R. etli bv. phaseoli P. vulgaris San Miguel, Mexico Silva et al. (2003)
CFN42T R. etli bv. phaseoli P. vulgaris Mexico Segovia et al. (1993)
KIM5S R. etli bv. phaseoli P. vulgaris Idaho, USA Josephson et al. (1984)
GR-12 R. etli bv. phaseoli P. vulgaris Granda, Spain Herrera-Cervera et al. (1999)
4PR-2 R. etli bv. phaseoli P. vulgaris Alcolea del Rio, Spain Rodriguez-Navarro et al. (2000)
Mim2 R. etli bv. mimosae Mimosa affinis Huautla, Mexico Wang et al. (1999)
GR-84 R. leguminosarum bv. phaseoli P. vulgaris Granda, Spain Herrera-Cervera et al. (1999)
VF39 R. leguminosarum bv. viciae Vicia faba Bielefeld, Germany Priefer (1989)
3841 R. leguminosarum bv. viciae Pisum sativa England http://www.sanger.ac.uk/

Projects/R_leguminosarum/
CIAT 899T R. tropici P. vulgaris Colombia Martínez-Romero et al. (1991)
CFN 299 R. tropici P. vulgaris Brazil Martínez-Romero et al. (1991)
USDA 1920 Rhizobium sp. M. ruthenica Xilinhot, China van Berkum et al. (1998)

(Rhizobium sp. bv. orientale)
TJ167 Rhizobium sp. Mimosa diplotricha Taoyuan, Taiwan Chen et al. (2003)

(R. etli bv. mimosae)
TJ173 Rhizobium sp. Mimosa diplotricha Nantou, Taiwan Chen et al. (2003)

(R. etli bv. mimosae)
A321T Sinorhizobium medicae Medicago truncatula Aude, France Rome et al. (1996)
1021 S. meliloti M. sativa Australia http://bioinfo.genopole-

toulouse.prd.fr/annotation/iANT/
bacteria/rhime/

USDA 110 Bradyrhizobium japonicum Glycine max USA www.kazusa.or.jp/rhizobase/
Bradyrhizobium

*Strain reclassifications proposed in this work are presented in parentheses.

Strain Classification (reclassification)* Host Locality Reference

Table 1 Continued
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R602spT sequence (U86343), which includes one of the
hypervariable regions of the gene]; (ii) glnII coding for
glutamine synthetase II (540 bp), which has been selected
as a molecular marker in several studies (Wernegreen &
Riley 1999; Turner & Young 2000; Vinuesa et al. 2005b, c)
and (iii) atpD coding for the beta subunit of ATPase (441 bp)
(Gaunt et al. 2001; Vinuesa et al. 2005b, c). Two plasmid-
encoded symbiotic genes were also selected: nifH coding
for the dinitrogenase reductase (387 bp), which is the
most widely studied nitrogen fixation gene (Laguerre et al.
2001; Vinuesa et al. 2005b, c), and nodB coding for N-
acetylglucosmine deacetylase (516 bp), an essential gene for
Nod factor biosynthesis, which was previously analysed
by Wernegreen & Riley (1999).

Genomic DNA was prepared by using the Amersham
Tissue and Cell Kit and amplifications were performed
with Taq polymerase (Roche) using the cycling parameters
and reaction mixture described in Silva et al. (2003). Ampli-
fication products were purified using the PCR product
purification system of Roche and sequenced using BigDye
chemistry and an ABI377 automatic sequencer (ABI). The
accession numbers for the sequences generated in this
study are AY907379–AY907521 and AY929391–AY929593.
All the accession numbers used in this study are listed in
Table S2.

Phylogenetic analyses

Multiple nucleotide sequence alignments were generated
with clustal_x (Thompson et al. 1997) and edited with
bioedit (Hall 1999) and dambe version 4.2.13 (Xia & Xie
2001). The protein-coding nucleotide sequences were aligned
based on the alignment of the encoded products using
dambe. Neighbour-joining (NJ), maximum-likelihood (ML)
and Bayesian phylogenetic inferences were carried out for
each data set and for the concatenated glnII and atpD
partitions according to the procedures detailed in Vinuesa
et al. (2005). Model fitting was performed by likelihood-ratio
tests (LRT, Huelsenbeck & Rannala 1997) using modeltest
3.06 (Posada & Crandall 1998), paup*4.0v10b (Swofford
2002) and phyml version 2.1 (Guindon & Gascuel 2003), and
manually optimized by consecutive cycles of parameter
and ML phylogeny estimation in paup*, until convergence.
The robustness of NJ and ML topologies were inferred
by nonparametric bootstrap test using mega2 (Kumar et al.
2001) and phyml with 1000 and 100 pseudoreplicates, respec-
tively. Bayesian phylogenetic analyses were performed
with mrbayes 3b4 (Ronquist & Huelsenbeck 2003). The
best-fit model for each alignment was selected either by
LRT or the Akaike information criterion as implemented in
modeltest (Posada & Crandall 1998). Metropolis-coupled
Markov chain Monte Carlo (MCMCMC) with four chains
was used to sample trees. Each analysis was replicated
two times for 3 × 106 generations, sampling the posterior

distribution every 100th generation. The post burn-in
samples from the stationary phase were pooled to obtain a
50% majority rule consensus tree using mrbayes. For the
analysis of concatenated sequences, characters were parti-
tioned by gene as well as by codon position, estimating
best-fit models for each partition as previously described
(Vinuesa et al. 2005c).

Population genetics analyses of DNA polymorphisms

The KST* statistic was chosen to detect geographic
subdivision directly from sequence polymorphisms, as
it is more powerful than the haplotype-based statistics
(Hudson et al. 1992a). The permutation-based method
for assessing statistical significance was used with 104

replicates (Hudson et al. 1992a). We calculated FST statistics
to estimate the average level of gene flow, as measured
by the effective number of migrants per generation Nm
(Hudson et al. 1992b). To determine departures from the
neutral model of evolution, we calculated three indexes:
Tajima’s D, Fu’s FS and R2 (Tajima 1989; Fu 1997; Ramos-
Onsins & Rozas 2002). Departures from the neutral model
expectation can be due to natural selection acting on
the locus, genetic hitch-hiking or demographic processes
(Tajima 1989; Ramos-Onsins & Rozas 2002). The statistical
significance of the neutrality and population growth tests
was determined by coalescent simulations based on 104

replicates. The descriptive statistic of nucleotide polymorph-
isms, genetic diversity, population differentiation and
gene flow estimates, as well as neutrality and population
growth tests were computed with dnasp 4.0 (Rozas &
Rozas 1999). The level of intragenic recombination was
estimated using the R parameter (Hudson 1987) calculated
with dnasp, whereas the coalescent estimator of the popu-
lation recombination rate (C) and the recombination/
mutation rate ratio (c/µ) were determined using sites 1.1
(Hey & Wakeley 1997). The proportion of total genetic
variance attributable to geographic population subdivision
was estimated by analyses of molecular variance (amova,
Excoffier et al. 1992) using arlequin 2.0 (Schneider et al.
2000). The amovas were carried out with Tamura–Nei +
Gamma distances and the best-fit alpha value determined
for each sequence set under the ML criterion. To determine
the association between pairwise geographic and genetic
distances (FST) of populations, Mantel tests (Smouse et al.
1986) were performed with 104 permutations using arlequin.

Results

Phylogenetic inferences based on the 16S rRNA gene (rrs)

All rrs phylogenies (NJ, ML and Bayesian) were poorly
resolved. Different topologies and node support values were
obtained depending on the strain sampling, reconstruction
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method and substitution model used. In Fig. 1 we present
an NJ tree using Tamura–Nei + Gamma distances (α =
0.15). Most of the Rhizobium gallicum isolates had closely
related haplotypes (1% differences in average) and grouped
together with several Rhizobium mongolense and Rhizobium
yanglingense strains in a tight but weakly supported
clade, that hereafter will be referred to as Group 1. The R.
mongolense and R. yanglingense strains were intermingled
with R. gallicum strains, providing evidence that they are
part of the same evolutionary lineage. Moreover, identical
haplotypes were shared between these species. The most
abundant rrs haplotype was detected in R. gallicum strains
isolated in Mexico, France, Spain and Tunisia, along
with a R. yanglingense strain isolated in China. The
haplotype of the Mexican R. gallicum strain IE4845 was
identical to that of R. mongolense strain USDA 1849.

A subset of R. gallicum strains displayed a divergent rrs
haplotype for which we did not find any closely related
(> 97% identity) sequence in GenBank. This haplotype was
found in strains from Mexico, Spain and Tunisia, and here-
after is referred to as R. gallicum Group 2. This lineage was
associated either with the Rhizobium tropici/A. rhizogenes
group (as shown in Fig. 1) or basal to R. gallicum Group 1,
depending on the choice of strains and reconstruction
method used. In the rrs phylogeny three other phylogenetic/
taxonomic incongruences were detected. Two strains
classified as R. mongolense (USDA 1877 and USDA 1890)
displayed haplotypes related to those of the Rhizobium etli/
Rhizobium leguminosarum group. In this phylogeny the latter
group is not statistically supported (bootstrap support
< 50%), and it is not possible to establish a clear differenti-
ation between R. etli and R. leguminosarum; this difficulty

Fig. 1 Neighbour-joining rrs gene tree
estimated using the TrN + G substitution
model (α = 0.15) for 75 sequences and 541
sites. Bootstrap support values > 50% are
indicated at the relevant nodes. Strains with
identical haplotypes are included in the
same terminal node (note that sequences
can belong to different species or biovars).
Type strains are indicated by a superscript
T. The genus, species and biovar of the
strains are abbreviated as follows: Rgg,
Rhizobium gallicum bv. gallicum; Rgp, R.
gallicum bv. phaseoli; Rm, R. mongolense; Ry,
R. yanglingense; Rt, R. tropici; Ar, Agrobac-
terium rhizogenes; Rep, R. etli bv. phaseoli; Rem,
R. etli bv. mimosae; Rlv, R. leguminosarum bv.
viciae; Mh, Mesorhizobium huakuii; Ml, M.
loti; Sf, Sinorhizobium fredii; Sml, S. meliloti;
Smd, S. medicae; Bj, Bradyrhizobium japonicum.
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may be due to the small divergence between the rrs haplo-
types of these species, or to genetic exchange between
them, as previously proposed (Eardly et al. 1995). The third
phylogenetic/taxonomic incongruence detected for the rrs
gene involved the Mexican R. gallicum strain IE2751, which
displayed a haplotype closely related to those of R. tropici/
A. rhizogenes. These incongruences could be due to genetic
exchange at the rrs locus between several Rhizobium spe-
cies, as documented in other studies (Eardly et al. 1995,
1996; van Berkum et al. 2003; Vinuesa et al. 2005b).

Phylogenetic inferences based on the protein-coding genes 
glnII and atpD

The phylogenetic inferences based on the protein-coding
chromosomal housekeeping genes glnII and atpD were
very similar to each other (data not shown) and produced
much better resolved topologies than the rrs sequences.
Due to their similar results, we decided to concatenate the
glnII and atpD sequences to generate a combined phylogeny
(Fig. 2) employing a Bayesian analysis since this approach

Fig. 2 Bayesian phylogeny inferred from
glnII+atpD sequence partitions for 72 se-
quences and 993 sites. The topology represents
the 50% majority rule consensus tree
derived from 40 000 trees resulting from
the convergent and pooled post burn-in
samples obtained from two independent
MCMCMC samplers. The substitution
models were partitioned by gene as well as
by codon position using the HKY + G for
the first and third positions, and F81 + I for
the second positions. Posterior probabilities
> 0.85 and the maximum-likelihood boot-
strap support values > 60% are indicated at
the relevant nodes. Strains with identical
haplotypes are included in the same terminal
node (note that sequences can belong to
different species or biovars). Type strains
are indicated by a superscript T. Abbrevia-
tions are detailed in Fig. 1.
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allows the use of mixed models for partitioned data
analyses (Ronquist & Huelsenbeck 2003; Nylander et al. 2004;
Vinuesa et al. 2005c). In the glnII+atpD Bayesian phylogeny
all the R. mongolense, R. yanglingense and R. gallicum strains
are grouped in a strongly supported clade, reinforcing the
conclusion that these three named species constitute a
single evolutionary lineage. Since R. gallicum was the first
species from this lineage to be described, we will refer to
this clade as the R. gallicum sensu lato (s. l.) lineage. This
clade exhibits significant internal structure, displaying
five internal subclades. Group 2 strains formed the most
differentiated and supported subclade in the R. gallicum s. l.
lineage, suggesting that they constitute a divergent branch
containing strains from various geographic origins. The
other four subclades within this lineage grouped strains
largely, although not strictly, according to their geographic
origin (Fig. 2). The most basal split in the R. gallicum s. l.
clade is formed by a haplotype shared by two strains from
China. In contrast with the rrs phylogeny, the R. etli and
R. leguminosarum species clades are well resolved as sister
lineages. Within R. etli two subclades were recovered,
grouping the New and Old World strains.

Phylogenetic inferences based on the symbiotic genes nifH 
and nodB

The phylogenetic reconstructions based on the sequences
of each of the two plasmid-encoded symbiotic loci (nifH
and nodB) produced similar topologies under the different
reconstruction methods. The ML phylogenies for these
genes are presented in Figs 3 and 4, respectively. For both
genes three different clades were delineated within
R. gallicum s. l. strains, corresponding to the biovars gallicum,
phaseoli and orientale (see below). In the nifH phylogeny the
biovars gallicum and phaseoli form a well-supported clade,
in which the alleles of R. etli biovar mimosae are placed as
the sister lineage of the biovar phaseoli. Although the
alleles of the biovars gallicum and phaseoli are only slightly
differentiated, of the 10 average differences, three of them
are fixed differences that clearly differentiate them. In the
nodB phylogeny the clades representing the gallicum and
phaseoli biovars are well supported as sister groups, but
in contrast with the nifH phylogeny they are much more
divergent. The biovar mimosae alleles could not be amplified
with the nodB primers and conditions used. The third
clade revealed by the nifH and nodB genes grouped the
R. mongolense and R. yanglingense strains. In the nifH
phylogeny this clade was related to R. leguminosarum bv.
viciae haplotype, whereas in the nodB phylogeny it was
closely related to Sinorhizobium meliloti and Sinorhizobium
medicae sequences. This newly discovered lineage of
symbiotic loci is found among strains isolated from very
diverse legume tribes (Table 1), and the only obvious
ecological feature we could find shared by these strains is

that they were isolated in China; hereafter, we will refer to
this lineage as biovar orientale.

The topologies recovered for the nifH and nodB genes
were clearly different. In the nifH phylogeny the polymor-
phisms among the biovars gallicum, phaseoli and mimosae
were due to neutral mutations involving synonymous sub-
stitutions, whereas for the nodB gene the protein products
were highly divergent, providing evidence for distinct
evolutionary histories of the nitrogen fixation and nodula-
tion genes, as previously noted in other studies (Young &
Johnston 1989; Laguerre et al. 2001).

Several phylogenetic incongruences between the group-
ings established by chromosomal and symbiotic loci pro-
vided evidence of lateral transfer of symbiotic information.
In the R. gallicum bv. gallicum clades of the nifH and nodB
phylogenies (Figs 3 and 4), R. gallicum Group 1 and Group
2 strains appear intermingled. This indicates that Group1
and Group 2 strains are not genetically isolated, and that
they share part of the symbiotic pool of the species. The lat-
eral transfer of symbiotic information between R. gallicum
and R. etli is evident from the monophyletic grouping of
R. etli bv. phaseoli and R. gallicum bv. phaseoli Group 1 and
Group 2 strains in the nifH and nodB phylogenies (Figs 3
and 4). A similar conclusion can be drawn for the biovar
orientale, since it seems to share common ancestors with
symbiotic alleles from R. leguminosarum bv. viciae (nifH ) or
S. meliloti and S. medicae (nodB).

Genetic diversity and DNA polymorphisms of 
R. gallicum sensu lato

Analyses of DNA polymorphisms were performed for the
total R. gallicum s. l. population and for the monophyletic
groupings; therefore, the chromosomal genes were
analysed separately for the R. gallicum s. l. Groups 1 and 2,
whereas the polymorphisms of the symbiotic genes were
analysed by grouping the strains according to biovariety.
Descriptive statistics of nucleotide polymorphisms and
neutrality tests for the five loci analysed are presented in
Table 2. For the rrs locus all the Group 2 strains displayed
the same haplotype, and thus population genetic analyses
could not be performed. Group 1 strains presented several
haplotypes that on average were 1% divergent, and if
the complete sample of R. gallicum s. l. strains (including
strains IE2751, U1877 and U1890) was taken into account,
a relatively high genetic diversity was found (π = 0.0138).
The levels of genetic diversity of the glnII and atpD loci
were similar (π = 0.0230 and π = 0.0209, respectively). In
both cases Group 1 exhibited higher genetic and haplotype
diversity than Group 2; however, this difference could
result from a smaller sample size for Group 2.

The genetic diversity of the symbiotic genes was higher
than that of the chromosomal genes, due to the presence of
three different biovars within the R. gallicum s. l. symbiotic
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gene pool. The nifH locus displayed a characteristically
lower genetic diversity (π = 0.0458) than the nodB locus
(π = 0.1243). The nodB gene was the most polymorphic of
the five loci analysed; it exhibited a large number of non-
synonymous substitutions within and among biovarieties
(Table 2), suggesting that diversifying selection may
have contributed to the divergence of these proteins,
which are involved in the synthesis of the nodulation
factors, and their co-evolution with host plants. For both
symbiotic genes biovar orientale was the least polymorphic
of the three biovars, despite its larger sample size com-
pared with that of biovar phaseoli, and despite the fact that
it contains isolates from diverse leguminous host (Table 1).

We can speculate that this difference could be due to a
founder effect caused by the recent acquisition of these
symbiotic genes by the R. gallicum s. l. evolutionary lineage,
or to the fact that the hosts of the biovar orientale are wild
legumes, in contrast with Phaseolus vulgaris, which is
cultivated.

Most of the neutrality and population growth tests were
nonsignificant for the R. gallicum s. l. population (Table 2),
indicating that the overall observed polymorphisms con-
form to the neutral equilibrium model (Tajima 1989). How-
ever, the Group 1 strains showed significant values for the
chromosomal loci rrs and atpD, and biovar gallicum strains
showed significant values for the nifH locus. These results

Fig. 3 Maximum-likelihood nifH gene tree
estimated using the HKY + G substitution
model (α = 0.26) for 75 sequences and 387
sites. Bootstrap support values > 60% and
posterior probabilities > 0.80 are indicated
at the relevant nodes. The brackets to
the right of the tree indicate the clades
constituting different biovars. Strains with
identical haplotypes are included in the
same terminal node (note that sequences
can belong to different species). Type
strains are indicated by a superscript T.
Rhizobium gallicum s. l. Group1 and Group 2
strains are denoted by superscripts 1 and 2,
respectively. Abbreviations are detailed in
Fig. 1.
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could be due to purifying selection acting on these loci or
to population expansion of the R. gallicum bv. gallicum
strains (Fu 1997; Ramos-Onsins & Rozas 2002).

Recombination in the R. gallicum sensu lato lineage

The recombination estimates were performed both for the
total population and for the different haplotypes. Due to
the small sample size and the low levels of polymorphism
found in the Group2, biovar phaseoli and orientale strains,
the recombination estimates were performed only for the
total sample, Group 1 and biovar gallicum strains. Some

general patterns can be observed in the recombination
estimates shown in Table 3. First, the recombination
estimates are much higher if only the different haplotypes
are analysed, as expected for a population with an
epidemic genetic structure, in which the frequency of a few
dominant genotypes increases to produce epidemic clones,
but frequent genetic exchange occurs among the members
of the population (Maynard Smith et al. 1993; Silva et al.
1999, 2003). Second, in most of the cases the estimates of
recombination increased for the chromosomal genes if
only the Group 1 strains were analysed, providing evidence
of genetic compartments within the species. Third, despite

Fig. 4 Maximum-likelihood nodB gene tree
estimated using the HKY + G substitution
model (α = 0.66) for 78 sequences and 516
sites. Bootstrap support values > 60% and
posterior probabilities > 0.85 are indicated
at the relevant nodes. The brackets to the
right of the tree indicate the clades
constituting different biovars. Strains with
identical haplotypes are included in the
same terminal node (note that sequences
can belong to different species). Type
strains are indicated by a superscript T.
Rhizobium gallicum s. l. Group1 and Group 2
strains are indicated by superscripts 1 and
2, respectively. Abbreviations are detailed
in Fig. 1.
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the evidence that lateral transfer events have a significant
impact on the evolution of the symbiotic genes, when the
three biovars were analysed together the recombination
parameters (R) were close to 0, indicating that homologous

recombination is not taking place among alleles of the
different biovars, possibly due to sequence divergence
or selective constrains imposed on these adaptive loci.
Fourth, the highest levels of recombination were detected

Table 2 Descriptive statistics of nucleotide polymorphism, genetic diversity estimates, neutrality and growth tests for the Rhizobium
gallicum sensu lato population
 

 

Gene Group
No. of 
sites

No. of 
seqs† S‡ Pi§ ks/ka¶ k†† h/Hd‡‡ π§§ θ¶¶

Tajima’s 
D††† Fu’s FS††† R2†††

rrs Total 539 47 44 26 7.02 22/0.868 0.0138 0.0194 −1.005 −4.340 0.075
Group 1 + 2 44 31 20 5.65 19/0.849 0.0111 0.0139 −0.688 −3.832 0.085
Group 1 37 23 11 3.12 18/0.818 0.0061 0.0107 −1.459* −8.879* 0.064*
Group 2 7 0 0 0/0 0 0/0.000

glnII Total 540 54 61 48 61/4 12.41 27/0.939 0.0230 0.0248 −0.252 −2.853 0.098
Group 1 46 50 37 48/4 9.36 25/0.927 0.0173 0.0211 −0.619 −4.955 0.088
Group 2 8 1 1 1/0 0.57 2/0.571 0.0011 0.0007 1.444 0.966 0.286

atpD Total 441 48 50 39 50/3 9.22 19/0.923 0.0209 0.0256 −0.630 −0.685 0.089
Group 1 40 38 24 37/3 6.28 16/0.897 0.0143 0.0203 −1.034* −1.566 0.080*
Group 2 8 3 3 3/0 1.50 3/0.750 0.0034 0.0026 1.220 0.971 0.250

nifH Total 387 44 68 56 70/5 16.22 23/0.903 0.0458 0.0442 0.135 −0.453 0.114
gallicum 32 33 16 36/1 5.83 19/0.841 0.0165 0.0232 −1.036* −6.126 0.076*
phaseoli 5 6 6 6/0 3.60 2/0.600 0.0093 0.0074 1.718 3.967 0.300
orientale 7 3 3 3/0 1.71 2/0.571 0.0044 0.0032 1.811 2.920 0.286

nodB Total 516 51 203 198 118/66 63.99 23/0.855 0.1243 0.0876 1.507 14.016 0.157
gallicum 36 38 24 30/10 7.91 17/0.754 0.0153 0.0178 −0.488 −1.593 0.095
phaseoli 5 13 12 8/5 7.60 3/0.800 0.0148 0.0121 1.583 3.183 0.2786
orientale 10 2 0 1/1 0.40 3/0.378 0.0008 0.0014 −1.401 −1.164 0.2000

†Number of sequences; ‡segregating sites; §parsimony informative sites; ¶total number of synonymous/nonsynonymous changes; 
††average number of nucleotide differences; ‡‡number of haplotypes/haplotype (gene) diversity; §§pi, nucleotide diversity per site; 
¶¶theta per site; †††calculations using the total number of segregating sites.
*Significant values, as estimated by coalescent simulations.

Table 3 Recombination estimates for the Rhizobium gallicum sensu lato population
 

 

Gene Group

Total Haplotypes 

n R* C† c/µ‡ n R C c/µ

rrs Total 48 0.7 0.0043 0.411 24 2.0 0.0189 1.545
Group 1 + 2 45 0.8 0.0037 0.506 21 6.1 0.0203 2.279
Group 1 38 3.9 0.0082 1.470 20 31.6 0.0216 3.283

glnII Total 54 5.5 0.0089 0.719 27 19.2 0.0166 1.134
Group 1 46 6.9 0.0050 0.518 25 32.0 0.0128 1.042

atpD Total 48 4.9 0.0006 0.045 19 14.9 0.0040 0.246
Group 1 40 12.8 0.0003 0.030 16 92.0 0.0046 0.355

nifH Total 44 0.001 0.0100 0.443 23 0.001 0.0237 0.884
gallicum 32 8.1 0.0084 0.680 19 174.0 0.0227 1.601

nodB Total 51 0.001 0.0212 0.485 24 0.001 0.0375 0.711
gallicum 36 1.2 0.0039 0.437 17 18.4 0.0135 1.239

*Estimate of the population recombination parameter R (Hudson 1987) corrected for haploid organisms.
†Estimate of population recombination parameter using the coalescent approach of Hey & Wakeley (1997) corrected for haploid organisms.
‡Recombination/mutation rate ratio.
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for the rrs locus, in agreement with the evidence gathered
from the phylogenetic analyses.

Evidence for gene flow and geographic structuring among 
R. gallicum sensu lato populations

Genetic differentiation analyses were performed on
populations with reference to their geographic origins.
For the two sampling sites in Mexico (San Miguel and
Tehuacán), nonsignificant genetic differentiation and
Nm values higher than 4 were obtained for the three
chromosomal genes (data not shown), indicating that
these strains could be pooled to constitute the Mexican
population. For R. yanglingense we could obtain only the
type strain; however, three additional rrs sequences could
be retrieved from GenBank for this species. Genetic
differentiation analyses with the rrs sequences showed that
the R. yanglingense strains were not significantly differentiated
from those of R. mongolense (KST = 0.044 P > 0.05, FST =
0.123, Nm = 3.59). Therefore, in further analyses the R.
yanglingense type strain was pooled with the R. mongolense
strains to form the Chinese population.

The pairwise genetic differentiation and gene flow esti-
mates based on the rrs sequences are presented in Table 4.

Only a few of the comparisons showed significant differ-
entiation (KST*) between populations at a P < 0.05 level, but
none was significant at the 0.01 level. Likewise, most of the
pairwise Nm estimates are higher than 1, suggesting that
within R. gallicum s. l. enough gene flow occurs to consider
it a single evolutionary unit. In contrast to the rrs gene, the
glnII and atpD sequences revealed significant genetic dif-
ferentiation for some comparisons, uncovering patterns
of biogeographic differentiation. All the pairwise compari-
sons between the European populations (Spain, Austria
and France) and the North African population (Tunisia)
showed nonsignificant KST* values, and the gene flow esti-
mates (Nm) were higher than 1 (Table 5), suggesting that
they can be considered as a single population, accordingly
designated as the Mediterranean population. On the other
hand, all the comparisons involving the populations from
Mexico or China showed significant differentiation (Table 5),
although some of the Nm values involving the Mexican
population were higher than 1, which may reflect historical
dispersion pathways of bean seeds. The general pattern of
genetic differentiation uncovered three geographically
structured populations within our sample, which will be
referred to as the Mexican, Mediterranean and Chinese
regions. The results of the pairwise comparison between

Table 4 Genetic differentiation and gene flow estimates between Rhizobium gallicum sensu lato populations (the sample size is indicated in
parentheses) based on rrs sequences. Above the diagonal are the KST* values†. Below the diagonal are the FST values and their associated
Nm values
 

Mexico (11) Spain (7) Austria (3) France (5) Tunisia (5) China (10)

Mexico — 0.024 NS 0.037 NS 0.094* 0.039 NS 0.054*
Spain 0.015, 33.02 — 0.047 NS 0.074 NS 0.000 NS 0.075*
Austria 0.339, 0.97 0.333, 1.00 — 0.087 NS 0.017 NS 0.000 NS
France 0.320, 1.06 0.288, 1.23 0.208, 1.90 — 0.000 NS 0.015 NS
Tunisia 0.045, 10.50 0.000‡ 0.098, 4.60 0.000 — 0.018 NS
China 0.144, 2.98 0.215, 1.82 0.223, 1.74 0.135, 3.22 0.043, 11.24 —

†NS, non significant; *0.01 < P < 0.05.
‡with FST values of 0, Nm tends to infinite.

Table 5 Genetic differentiation and gene flow estimates between Rhizobium gallicum sensu lato populations (the sample size is indicated in
parentheses) based on glnII+atpD concatenated sequences. Above the diagonal are the KST* values†. Below the diagonal are the FST values
and their associated Nm values
 

Mexico (15) Spain (7) Austria (3) France (6) Tunisia (5) China (9)

Mexico — 0.092** 0.080** 0.146*** 0.089** 0.095***
Spain 0.153, 2.77 — 0.059 NS 0.124 NS 0.040 NS 0.183***
Austria 0.523, 0.46 0.333, 1.00 — 0.000 NS 0.000 NS 0.149**
France 0.463, 0.58 0.277, 1.31 0.165, 2.54 — 0.047 NS 0.211***
Tunisia 0.242, 1.57 0.000‡ 0.000 0.003, 156.00 — 0.162**
China 0.276, 1.31 0.352, 0.92 0.638, 0.28 0.562, 0.39 0.357, 0.90 —

†NS, non significant; **0.001 < P < 0.01; ***P < 0.001.
‡with FST values of 0, Nm tends to infinite.
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the Mexican, Mediterranean (Spain, Austria, France and
Tunisia) and Chinese regions for the rrs and glnII+atpD
sequences are shown in Table 6. A sharp genetic differen-
tiation was found between these three biogeographic
regions for the protein-coding genes, in contrast with the
rrs gene, for which low genetic differentiation values and
high migration rates were recorded. This differentiation is
reinforced by the results of the analyses of molecular vari-
ance (amova) performed to test the structure of these three
biogeographic regions. Both the rRNA and the protein-coding
genes coincide in showing that the major part of the genetic
variance is found within populations (86 and 68%, respec-
tively), probably reflecting the enormous genetic diversity
of the populations present at each sampling site. However,
the glnII+atpD sequences revealed that one-third (28%) of
the genetic variation is explained by differences among the
three biogeographic regions, whereas the rrs sequences
assigned less than 8% of the genetic variation to differences
among regions. Both analyses coincide in showing that the
variance among populations within regions accounts for
the smallest part of the variance (7% and 4%, respectively),
providing evidence that these biogeographic regions cor-
respond with real biological discontinuities. The Mantel
tests performed for the pairwise comparisons of the six
populations based on the rrs sequences did not detect a
significant correlation between genetic and geographic
distances (r = 0.223, P = 0.286), whereas the analysis based
on the glnII+atpD sequences showed a strong isolation-by-
distance effect (r = 0.733, P = 0.007). It is noteworthy that
the Mantel test for the pairwise comparisons of the four
Mediterranean populations (Spain, Austria, France and
Tunisia) revealed a nonsignificant geographic isolation
(r = 0.527, P = 0.123), supporting our previous conclusion
that enough gene flow exists among these populations to
consider them as a single population.

Finally, we performed genetic analyses based on the
chromosomal genes to ask if there was significant differen-
tiation among the individuals of the different biovars
and to establish if they can be considered compartments
within R. gallicum s. l. lineage. When the three biovars
where analysed together, significant differentiation was
found for the rrs, glnII, atpD and glnII+atpD sequences
(data not shown). This was expected since the biovar
orientale was represented only in the Chinese population,
which was significantly differentiated from the other
populations (see Tables 5 and 6). However, when only
the strains from the biovars gallicum and phaseoli were com-
pared, the detected differentiation was not significant
(data not shown), suggesting that in the places where
these two biovars are sympatric they do not represent
genetic compartments or subdivided populations of
the chromosomal genetic pool of R. gallicum. This lack of
separation is not surprising since the symbiotic haplotypes
of these two biovars were found in strains with the same
chromosomal background, for example, the Group 2
strains (compare Figs 1– 4).

Discussion

In this study we have shown the power of combining
population genetics and phylogenetic approaches to address
several interrelated issues in bacterial evolutionary ecology
and systematics, such as bacterial species delineation,
the uncovering of the evolutionary forces that shape
their genetic structures, and the discovery of population
subdivisions. The robustness and resolving power of such
inferences are maximized when large strain collections are
analysed using sequences from multiple loci (Palys et al.
1997; Whitaker et al. 2003; Vinuesa & Silva 2004; Vinuesa
et al. 2005c). In this context, we have targeted several
housekeeping and symbiotic loci in order to disentangle
the different evolutionary histories of so-called core and
auxiliary loci that make up the mosaic genomes of many
bacterial groups such as enterics and rhizobia (Wernegreen
& Riley 1999; Lan & Reeves 2000; Welch et al. 2002; Romero
& Brom 2004).

Proper recognition of the different evolutionary patterns
exhibited by core and auxiliary loci is fundamental to
an adequate molecular systematic interpretation of the
phenotypes exhibited by different ecotypes of a particu-
lar species (Lan & Reeves 2001; Vinuesa et al. 2005a). The
importance of this is clearly illustrated in our study,
where we have provided compelling evidence that demon-
strates: (i) that Rhizobium gallicum, Rhizobium mongolense
and Rhizobium yanglingense are members of the same evolu-
tionary lineage; (ii) that the R. mongolense and R. yanglingense
strains constitute a new biovar, and (iii) that the R. gallicum
s. l. lineage contains two genetic groups (Group 1 and Group 2)
that coexist sympatrically in distinct geographic regions

Table 6 Genetic differentiation and gene flow estimates between
the three main biogeographic regions found for Rhizobium gallicum
sensu lato (the sample size is indicated in parenthesis) based on rrs
and glnII+atpD sequences. Above the diagonal are the KST*
values†. Below the diagonal are the FST values and their associated
Nm values
 

 

 

rrs Mexico (11) Mediterranean (20) China (10)

Mexico — 0.088* 0.054*
Mediterranean 0.100, 4.50 — 0.063*
China 0.144, 2.98 0.112, 3.95 —

glnII+atpD Mexico (15) Mediterranean (26) China (10)

Mexico — 0.154*** 0.095***
Mediterranean 0.279, 1.29 — 0.171***
China 0.276, 1.31 0.399, 0.75 —

†*0.01 < P < 0.05, ***P < 0.001.
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and share the ecological niche and symbiotic pool of the
species.

The synonymy of R. gallicum, R. mongolense and R. yan-
glingense was suggested previously based on phylogenetic
analyses of rrs (Young et al. 2004) and atpD+recA sequences
(Vinuesa et al. 2005b). The synonymy is confirmed in this
study through phylogenetic analyses involving several
isolates of most of these named species. The existence of
two divergent chromosomal groups in R. gallicum also had
been suggested previously on the basis of rrs PCR-RFLPs
(PCR-restriction fragment length polymorphism) and
MLEE profiles (Herrera-Cervera et al. 1999; Mhamdi et al.
1999), and those observations are amply corroborated
by our sequence-based analyses. Similarly, Laguerre et al.
(2001) previously noted on the basis of PCR-RFLPs that the
type strain of R. mongolense contains nifH and nodC alleles
closely related to those of other Medicago symbionts. Our
phylogenetic analyses of nifH and nodB sequences for
multiple isolates confirmed this point, and allowed us to
recognize that R. mongolense and R. yanglingense strains
represent a new symbiotic ecotype of R. gallicum.

Sequencing three unlinked housekeeping loci provided
sufficient DNA polymorphisms to make inferences about
the genetic structure of populations, and to uncover key
evolutionary processes acting on them at different geographic
scales. At a local scale, nodulation is frequently dominated
by a few genotypes (Silva et al. 1999; McInnes et al. 2004;
Vinuesa et al. 2005c). Therefore, in order to be able to
uncover the effects of recombination in an epidemic popu-
lation, it is important to perform population analyses using
only the distinct genotypes (Maynard Smith et al. 1993;
Silva et al. 1999). The recombination estimates obtained
using all sequences, or only distinct haplotypes, are con-
sistent with an epidemic genetic structure for the R. galli-
cum s. l. population. This finding is in agreement with the
results from linkage disequilibrium analyses based on
MLEE data obtained for the Mexican (San Miguel) popula-
tion (Silva et al. 1999, 2003). Both population genetic and
phylogenetic analyses revealed that the rrs locus exhibited
the highest levels of recombination. This present report
augments the cumulative evidence of homologous recom-
bination at the rrs locus in rhizobia and other bacterial
species (e.g. Eardly et al. 1995, 1996; Yap et al. 1999; Schouls
et al. 2003; van Berkum et al. 2003; Vinuesa et al. 2005b).
Recombination at this locus explains at least in part the
topological instability of rrs phylogenies with respect to
the sequenced region, which is also influenced by taxon
and model choice. In addition, phylogenetic incongruences
found between the groupings established by the chromo-
somal and symbiotic loci uncovered likely events of the
lateral transfer of symbiotic information across chromo-
somal backgrounds within and among species.

Only the chromosomal protein-coding genes showed a
pattern of biogeographic differentiation; a biogeographic

pattern was not revealed by the rrs gene. The difference in
these results could be explained by the combined effects of
higher evolutionary rates exhibited by the protein-coding
genes, by stronger regional selective and/or random drift
effects acting on the protein-coding genes, and lower
recombination levels compared with those found for the
rRNA genes. These results demonstrate that the atpD and
glnII genes analysed here contain valuable information
about biogeographic processes. Therefore, protein-coding
genes should be chosen as the preferred molecular markers
for evolutionary, biogeographic and systematic studies, as
shown in other studies (Palys et al. 1997; Lan & Reeves
2000, 2001; Whitaker et al. 2003; Zeigler 2003; Vinuesa &
Silva 2004; Vinuesa et al. 2005a, c).

Gene flow estimates showed that migration has a signi-
ficant impact on the R. gallicum s. l. population. We deter-
mined that most of the observed genetic variation is found
within sampling sites. This pattern accords with that of
other studies (Souza et al. 1994; Hagen & Hamrick 1996;
Silva et al. 1999), and demonstrates that enormous genetic
diversity exists at a local scale. At higher geographic scales,
the general trend is to record low levels of genetic differen-
tiation (Strain et al. 1995; Hagen & Hamrick 1996; Vinuesa
et al. 2005c), which led Hagen & Hamrick (1996) to propose
that gene flow and founder effects act differentially at geo-
graphic and local scales. We found that only very distantly
separated populations (> 10 000 km) showed significant
genetic differentiation, indicating that very large geographic
distances are required to function as effective barriers to
gene flow in rhizobial populations. Populations sampled
in the same region, such as the four Mediterranean popu-
lations (separated by ∼1000–2000 km), did not show evid-
ence of geographic subdivision. The general trend of low
genetic differentiation at local scales and high differenti-
ation at larger geographic scales is in concordance with
patterns found for populations of hyperthermophilic
archaea Sulfolobus (Whitaker et al. 2003). Despite the sig-
nificant genetic differentiation estimates among the
Mexican and Mediterranean populations, some haplo-
types were shared by both populations, suggesting that
they were either derived from a very recent common
ancestor, or that migration may sometimes overcome
large distances. Little is known about the dispersal mech-
anisms of rhizobia; both anthropogenic and natural mech-
anisms may act with varying intensities. Humans can
disperse rhizobia either intentionally by deliberated
inoculation of crop legumes or unintentionally, by the
transportation of legume seeds along with their associated
rhizobia to very distant regions (Pérez-Ramírez et al. 1998).
This is certainly true in the case of the common bean
(Martínez-Romero 2003). Running water and wind-driven
dust could account for the natural dispersal of soil bacteria
(Griffin et al. 2002; Vinuesa & Silva 2004; Vinuesa et al.
2005c). We think that both anthropogenic and natural
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mechanisms of dispersal might have a role in the wide
distribution of R. gallicum s. l.

The accepted notion for rhizobial biogeography is that
the symbiotic bacteria co-evolved with their hosts in
the centres of origin and diversification of the legumes
(Martínez-Romero & Caballero-Mellado 1996). However,
molecular clock analyses have shown that the divergence
times of the rhizobial genera pre-date the existence of
legumes (Turner & Young 2000). Several lines of evidence
support the hypothesis that nodulation is a relatively
recent acquisition of rhizobia that occurred later than
legume emergence (Young & Johnston 1989; Wernegreen
& Riley 1999; Laguerre et al. 2001). Here we expand the
co-evolution hypothesis by pointing out that it might be
true for symbiotic genes and ecotypes (biovars), but not
necessarily for the housekeeping genes and species as a
whole. This suggestion is supported by the results of the
study of Bradyrhizobium sp. from North America, Central
America, Asia and Austria, which revealed that the 16S
rDNA haplotypes were randomly distributed whereas the
nifD haplotypes were distributed according to the geo-
graphic region (Parker et al. 2002). It has been speculated
that R. gallicum could be of American origin (Sessitsch et al.
1997b; Zurdo-Piñeiro et al. 2004) or, alternatively, that it
could have a wide geographic distribution and a long evo-
lutionary history of adaptation to different environments
and leguminous hosts (Amarger et al. 1997; Silva et al. 2003).
Taken together, the evidence presented here based on
phylogenetic and population genetics inferences along
with the wide spectrum of legume hosts nodulated by the
R. gallicum s. l. lineage, suggests that the cosmopolitan
distribution hypothesis is more likely. The contrasting
biogeographic patterns revealed by the slowly evolving rrs
and faster-evolving protein-coding genes may be taken as
evidence for an ancient panglobal lineage, in which migration
and recombination occurred extensively until the continental
masses drifted apart, giving rise to the actual pattern of sig-
nificant levels of gene flow among proximal (i.e. regional)
populations, but not across the global population.

The analyses of two plasmid-borne symbiotic genes
demonstrated the existence of three symbiotic ecotypes
within R. gallicum s. l. the previously described biovars
gallicum and phaseoli (Amarger et al. 1997), and the newly
discovered biovar orientale. The American origin of the bio-
var phaseoli is well supported by several studies (Laguerre
et al. 2001; Brom et al. 2002; Martínez-Romero 2003; Aguilar
et al. 2004). The symbiotic alleles found in the biovar gallicum
strains seem to be the ones that co-evolved with the
R. gallicum lineage, as they have a wide geographic distri-
bution and confer a broad host range. We propose the
R. mongolense and R. yanglingense strains be reclassified as
R. gallicum bv. orientale. Since this biovar was found only
among Chinese strains, and due to the fact that no chromo-
somal haplotypes of these isolates were shared with those

sampled from other populations, it was not possible to
disentangle the evolutionary effects of geographic isola-
tion from those related to host selection or specificity.

The description of rhizobial species based on the delineation
of chromosomal evolutionary lineages and on the assigna-
tion of biovarieties based on symbiotic features provides
a sound biological framework for rhizobial systematics
(Graham et al. 1991; Amarger et al. 1997; Wang et al. 1999;
Laguerre et al. 2001; Vinuesa et al. 2005a, c). This approach
helps avoid the joining of different chromosomal evolu-
tionary lineages that share a particular symbiotic genetic
pool (probably by lateral transfer) and host range, or the
incorrect separation of individuals of the same species into
different taxa based on distinct host ranges, which result from
having different symbiotic alleles (probably also as the result
of lateral transfer). An example for the latter situation is
provided in the present work, in which members of the R.
gallicum evolutionary lineage had been named as two new
species (R. mongolense and R. yanglingense) based on the
standard taxonomic practice (Stackebrandt et al. 2002), mainly
DNA : DNA hybridization values lower than 70% between
type strains, phenotypic features and different hosts of iso-
lation (van Berkum et al. 1998; Tan et al. 2001). A similar situ-
ation is found for several pathogenic bacteria, for which
new species or even genera were described based on bio-
chemical traits or pathological symptoms, and which were
later shown to represent clones or ecotypes within species by
phylogenetic analyses of multiple loci (Lan & Reeves 2001).

It is important to recognize ecotypes as components of
species’ diversity. Ecotypes structure populations at the
ecological scale, and in evolutionary time they bear the
diversity of the species. Nonetheless, we believe that
species (which may contain multiple ecotypes) are the
fundamental evolutionary units. In this study, we show that
strains with monophyletic chromosomal backgrounds can
harbour divergent symbiotic genotypes and conversely,
the same symbiotic genotype can be found in divergent
chromosomal backgrounds. This result points out the tran-
sient nature of the symbiotic ecotypes, and it exemplifies
how a species can have different ecotypes without loosing
its cohesiveness. For this reason, we do not share the view
that bacterial ecotypes are the biological units that exhibit
the quintessential features of species, as proposed by
Cohan (2002). Ecotypes should be recognized taxono-
mically at a subspecific rank (subspecies, biovars, pathovars,
clones, etc.) instead of creating new species for them (Lan
& Reeves 2001; Vinuesa et al. 2005a).

Bacterial species delineation ideally should be based on
synapomorphies encoded by single copy, neutrally evolv-
ing housekeeping genes (Lan & Reeves 2000; Vinuesa et al.
2005c); however, housekeeping genes are not immune to
the effects of evolutionary forces, such as selection and
recombination (Lawrence & Hendrickson 2003). The use
of multiple loci and individuals from different demes is
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currently the best strategy for detecting those forces and
determining their impact on structuring the genetic diver-
sity of species (Istock et al. 1996; Hanage et al. 2005; Vinuesa
et al. 2005c). The fact that recombination and lateral trans-
fer events may affect some loci of certain individuals in a
large population sample does not obliterate the existence
of species in the bacterial world. We think that it is very
useful to adopt an evolutionary species concept in bacteri-
ology that incorporates the growing body of knowledge
about bacterial ecology and evolution (Istock et al. 1996;
Ward 1998; Vinuesa et al. 2005c). We stress the importance
of incorporating ‘population thinking’ (Mayr 1970) into
bacterial systematics and of avoiding the establishment of
arbitrary similarity cut-off values for species delineation,
since for each species the outcomes of historical contingen-
cies, genetic and ecological processes, and the relative
strengths of the evolutionary forces can differ (Mayr 1970;
Istock et al. 1996; Ward 1998; Vinuesa et al. 2005c). We agree
with the proposal of Mayden (1997) that the evolutionary
species concept should be used as the primary concept and
should be supported by other concepts (e.g. biological,
phylogenetic, ecological, etc.) to make it operational
(Mayden 1997). The application of this approach would
place bacterial taxonomy more fully within the mainstream
of current biological molecular systematics and would
avoid the need for creating ad hoc species definitions for
prokaryotes (Stackebrandt et al. 2002).
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Table S1. Primers and annealing temperatures used in this study. 

 

 

Gene 

Annealing 

temperature  

(°C) 

 

 

Primer 

 

 

Sequence (5’ – 3’) 

 

 

Reference 

rrs 58 PF2 TACTGTCGATCTGGAGTATG Silva et al. (2003) 

  PR1 ATTGTAGCACGTGTGTAGCC Silva et al. (2003) 

glnII 60 F1B TAAGCTCGAGTACATTTGGCTCGAT Wernegreen et al. (1999) 

  GSR2Seq TGCATGCCCGAGCCGTTCCAGTC Wernegreen et al. (1999) 

 57 glnII 12F YAAGCTCGAGTACATYTGGCT Vinuesa et al. (2005) 

  glnII 689R TGCATGCCSGAGCCGTTCCA Vinuesa et al. (2005) 

atpD 55 atpD 273F SCTGGGSCGYATCMTGAACGT Gaunt et al. (2001) 

  atpD 771R GCCGACACTTCCGAACCNGCCTG Gaunt et al. (2001) 

 57 atpD 255F GCTSGGCCGCATCMTSAACGTC Vinuesa et al. (2005) 

  atpD 782R GCCGACACTTCMGAACCNGCCTG Vinuesa et al. (2005) 

nifH 61 o1 GAGGACGTGCTCAAGGCCGGCTAC Rodríguez et al. (1998) 

  o3 CATCTTCCTGAGCTCGGCGTG Rodríguez et al. (1998) 

 61 nifH 40F GGNATCGGCAAGTCSACSAC Vinuesa et al. (2005) 

  nifH 817R TCRAMCAGCATGTCCTCSAGCTC Vinuesa et al. (2005) 

nodB 61 nodB3F TACCTGACSTTYGACGACGGTCC Wernegreen et al. (1999) 

  nodCRR GAGACGGCGRCRRTGCTGGTTG Silva et al. (2003) 
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Table S2. Accession numbers for the sequences used in this study. The sequences generated in 

this study are highlighted in boldface. 

Strain / gene rrs glnII atpD nifH nodB 

IE988  AF29011 AF29013 AY907433 AF29017 AF29019 
IE992  AY907393 AY907425 AY907466 AY907499 
IE2703 AY907382 AY907397 AY907429 AY907470 AY907503 
IE2729  AY907400 AY907432 AY907473 AY907506 
IE2735 AY907384 AY907399 AY907431 AY907472 AY907505 
IE2751 AY907379 AY907394 AY907426 AY907467 AY907500 
IE4770 AY907386 AY907402 AY907434 AY907475 AY907508 
IE4845  AY907383 AY907398 AY907430 AY907471 AY907504 
IE4868 AY907380 AY907395 AY907427 AY907468 AY907501 
IE4872 AY907381 AY907396 AY907428 AY907469 AY907502 

FL27 AF008129 AF29016 AY929471 M55226 AF29021 

FL34 AY929391 AY929421 AY929472 AY929510 AY929547 

FL44  AY929422 AY929473  AY929548 

FL48 AY929392 AY929423 AY929474 AY929511 AY929549 

COC11 AY929393 AY929424 AY929475 AY929512 AY929550 

116A15 AY929394 AY929425 AY929476 AY929513 AY929551 

SM2 AY929395 AY929426 AY929477 AY929514 AY929552 

USDA 3736 AY929396 AY929427 AY929478 AY929515 AY929553 

R602spT U86343 AF29015 AY907371 AF218126 AF29022 

DC22 AY929397 AY929428 AY929479 AY929516 AY929554 

PhF29 AY929398 AY929429 AY929480 AY929517  

PhF222  AY929430 AY929481 AY929518 AY929555 

PhD12 AY929399 AY929431 AY929482 AY929519 AY929556 

PhI21 AY929400 AY929432 AY929483 AY929520 AY929557 

GR45 AY929401 AY929433 AY929484 AY929521 AY929558 

GR89 AY929402 AY929434 AY929485 AY929522 AY929559 

GR46 AY929403 AY929435 AY929486 AY929523 AY929560 

GR55 AY929404 AY929436 AY929487 AY929524 AY929561 

GR18 AY929405 AY929437 AY929488 AY929525 AY929562 

GR42 AY929406 AY929438 AY929489 AY929526 AY929563 

GR60 AY929407 AY929439 AY929490 AY929527 AY929564 

CbS1 AF008126 AY929440 AY929491 AY929528 AY929565 

CbS3  AY929441 AY929492   



CbS17 AF008127 AY929442 AY929493 AY929529 AY929566 

LAAP 23C2 AY929408 AY929443 AY929494 AY929530 AY929567 

LAAP 28B3  AY929444 AY929495 AY929531 AY929568 

LAAP 32A5 AY929409 AY929445 AY929496 AY929532 AY929569 

LAAP 28B7 AY929410 AY929446 AY929497 AY929533 AY929570 

LAAP 8A3 AY929411 AY929447 AY929498 AY929534 AY929571 

LAAP 21B7  AY929448   AY929572 

LAAP 20A3  AY929449    

LAAP 7B4  AY929450   AY929573 

LAAP 10B2  AY929451   AY929574 

LAAP 7B6 AY929412 AY929452   AY929575 

USDA 1844T U89817 AY929453 AY907372 AY929535 AY929576 

USDA 1832 U89816 AY929454 AY929499 AY929536 AY929577 

USDA 1834 U89818 AY929455 AY929500 AY929537 AY929578 

USDA 1836 U89819 AY929456 AY929501 AY929538 AY929579 

USDA 1849 AY929413 AY929457 AY929502  AY929580 

USDA 1877 U89820 AY929458 AY929503 AY929539 AY929581 

USDA 1890 AY929414 AY929459 AY929504  AY929582 

USDA 1904  AY929460   AY929583 

USDA 1929 U89822 AY929461 AY929505 AY929540 AY929584 

SH22623T AF003375 AY929462 AY907373 AY929541 AY929585 

SH2462 AF195031     

SH445 AY141980     

SH1718 AY141986     

Sh19351     AF063450 

N95     AF063451 

IE950  AY907418 AY907441 AY907491 AY907516 

IE954  AY907409    

IE1004  AY907420  AY907493  

IE1009 AY907390 AY907415 AY907438 AY907488 AY907514 

IE2704 AY907391 AY907419 AY907442 AY907492 AY907517 

IE2730 AF29012 AF29014 AY907436 AF29018 AF29020 

IE2737  AY907416 AY907439 AY907489  

IE2755 AY907392 AY907424 AY907446 AY907498 AY907521 

IE4794  AY907421 AY907443 AY907494 AY907518 

IE4795  AY907417 AY907440 AY907490 AY907515 

IE4771  AY907423 AY907445 AY907497  



IE4803  AY907406  AY907479  

IE4804 AY907389 AY907413 AY907437 AY907484 AY907513 

IE4810  AY907403  AY907476 AY907509 

IE4837  AY907422 AY907444 AY907496 AY907520 

IE4874  AY907421 AY907443 AY907494 AY907518 

IE4876  AY907408  AY907481 AY907511 

CFN42T U28916 AF169585 AJ294404 M15942 M58626 

KIM5S AY929415 AY929463 AY907374 AY929542 AY929586 

GR12 AY929416 AY929464 AY907375 AY929543 AY929587 

4PR2 AY929417 AY929465 AY929506 AY929544 AY929588 

Mim2 AY929418 AY929466 AY929507 AF107621  

GR84 AY929420 AY929467 AY929508  AY929589 

VF39 AY929419 AY929468 AY907376  AY929590 

3841 rhiz582d11.gln rhiz582d11.gln rhiz582d11.gln rhiz137b04.plk rhiz137b04.plk 

CIAT 899T X67234 AF169584 AJ294397 M55225 AY929591 

CFN 299 X67233 AF169583 AJ294396 AY079181 X98514 

USDA 1920 U89823 AY929469 AY929509 AY929545 AY929592 

TJ167 AJ505296   AJ505316  

TJ173 AJ505300   AJ505312  

USDA 2370T U29386 AF169586 AJ294405   

LMG152 X67224 AY929470 AJ294398   

A321T L39882 AF169592 AJ294401 AY929546 AY929593 

1021 SMc02676 SMb20745 SMc02501 SMa0825 SMa0868 

USDA 110 rrn16S blr4169 bll440 blr1765 blr2026 

 


