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13.1 Abstract

Rere, we review key issues in bacterial population genetics and evolutionary biol-
ogy pertinent to the controversial topics ofbacterial species concepts and bacterial
biogeography. We present a summary of our results and working hypotheses on
the latter topics, based on our population genetic and molecular phylogenetic
analyses of diverse populations of rhizobial microsymbionts associated with culti-
vated and wild legumes. This contribution describes our current understanding and
thoughts on the biogeography and nature of rhizobial species associated with (1)
common beans (Phaseolus vulgaris, L.), one of the major grain legume crops
worldwide, and (2) with wild genistoid legumes from the Canary Islands, Mo-
rocco, and continental Spain.

13.2 Diversity and Nature of the N2-Fixing Legume-
Bacterial Nodule Endosymbioses

Several lineages of soil bacteria grouped in the a-2 and ~subc1assesof the Pro-
teobacteria are capable of establishing endosymbiotic Nrfixing associations with
most legume genera, particularly with those in the subfamilies Papilionoideae and
Mimosoideae (Sprent 2001; Sawada et al. 2003). The association is characterized
by the development of symbiotic organs caBed nodules on the host plant roots or
stems. The organogenetic program for the development of nodules is triggered by
specific signal molecules caBed nodulation factors (NFs), which are produced by
the bacterial microsymbionts in response to secondary metabolites such as flavon-
oids and isoflavonoids present in the root exudates of compatible host plants
(Spaink et al. 1998). The particular type of NFs produced by a strain largely de-
termines its host range. Rence, from a genetic perspective, bacterial nodule iso-
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lates are unique in having so-called nodulation genes (nod, noe and no!) in their
genomes, which are responsible for the biosynthesis and secretion of NFs (Spaink
et al. 1998). The symbiotic nodulation and nitrogen fixation (nif and fIX) genes
from Rhizobium and Sinorhizobium strains are carried on large symbiotic plasmids
(pSyms), which may be 0.4 to >1 Mb in size (Freiberg et al. 1997; Galibert et al.
2001). In other genera like Bradyrhizobium or Mesorhizobium, they are generally
chromosomally encoded and clustered in so-called symbiotic islands (Kaneko et
al. 2000; Gottfert et al. 2001). Transfer of pSyms or symbiotic islands to non-
symbiotic recipient strains, even of different genera as the donor strain, can trans-
fonn the recipients into nitrogen-fixing endosymbionts. This has been demon-
strated both under laboratory and field conditions (Martínez et al. 1987; Sullivan
and Ronson 1998; Rogel et al. 2001).

The Leguminoseae, with its approximately 700 genera and 20,000 species, is
the third largest family offlowering plants, behind only orchids (Orchidaceae) and
asters (Asteraceae). However, only a fraction oflegume genera and species (about
10%) has been surveyed for nodulation, and endosymbionts have been isolated
and characterized from even fewer taxa (Moulin et al. 2001; Sprent 2001).

13.3 Diversity and Phylogeny of Legume N2-Fixing
Symbionts

Until recently, legume microsymbionts were collectively called rhizobia, a group
that included about 30 species of the genera Rhizobium, Bradyrhizobium, Si-
norhizobium, Azorhizobium, Mesorhizobium, and Allorhizobium (Sawada et al.
2003). These "classic" rhizobia were defmed as endosymbiotic (J.-Proteobacteria
recovered from the root nodules of legumes. It has been known for a long time
that rhizobial genera are poorly defined on the basis of 16S rRNA sequences as
they are intenningled with other non-symbiotic genera, some of which can be
converted into symbiotic bacteria after transfer of pSyms or symbiotic islands. The
discovery in 2001 of two novellineages of root-nodule bacteria shook the classic
perception of rhizobia. Methylotrophic diazotrophs isolated from diverse Senegal-
ese Crotalaria species were identified as members of the genus Methylobacte-
rium, which are also (J.-Proteobacteria(Sy et al. 2001). More spectacular were the
reports of root-nodule isolates from the ~-Proteobacteria grouped in the genera
Burkholderia and Ralstonia (Chen et al. 2001; Moulin et al. 2001), isolated from
Aspalathus carnosa in South Africa and Mimosa pudica in Taiwan, respectively.
In 2002 a novel root-nodule bacteriallineage was isolated from the nodules of the
aquatic legume Neptunia natans in India, which was classified as a novel Devosia
species (Rivas et al. 2002). As of October 2003, 47 species of legume nodule-
bacteria have been validly published, which are grouped in 12 genera. A recent
phylogenetic analysis of the 16S rDNA sequences of these and related bacteria
have shown that the species of nodule bacteria are grouped in nine well-supported
monophyletic clusters or clades (Sawada et al. 2003). All these species and genera
are delineated on the basis of standard polyphasic taxonomic practice (Vandamme
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et al. 1996), including 16SrDNA sequences, DNA-DNA hybridization values, and
the analysis of multiple phenotypie features.

13.4 The Nature of Bacterial Species and the Problem of
Their Delineation

Bacteria multiply asexually by binary fission. Hence, bacteria are essentially
clonal organisms. However, many bacterial species are capable of exchanging ge-
netic material across clonallineages by three parasexual mechanisms: conjugation,
transduction, and transformation. The transferred DNA segments generally range
from a few hundred base pairs to several hundred kilobases in length. The differ-
ences between bacterial and gametie sex are striking: (1) bacterial sex can be
highly promiscuous, that is, DNA can be transferred across highly divergent line-
ages, and (2) bacterial sex is highly localized, meaning that recombinational
events affect only a fraction of the recipient's genome (Levin and Bergstrom
2000). Comparative genomie studies have not only uncovered the tremendous im-
pact of lateral gene transfer (LGT) on the evolution of prokaryotie lineages (Och-
man et al. 2000; Jain et al. 2002), but have also shown that there is essentially no
gene that is "irnmune" to it (Gogarten et al. 2002). Ironically, ribosomal genes,
once thought to be the most suitable molecular markers to delineate prokaryotie
species boundaries and even to infer the universal tree oflife (Woese 1987;Woese
et al. 1990; Stackebrandt and GoebeI1994), are now known to be highly prone to
interspecies recombination (Veda et al. 1999; Yap et al. 1999; Wang and Zhang
2000; van Berkum et al. 2003). The prevalence ofLGT in shaping prokaryotie ge-
nomes over evolutionary time has opened a debate on whether or not a universal
phylogeny can be inferred, and concems have been raised even about the mere ex-
istence ofbacterial species (Doolittle 1999; Woese 2000; Lawrence 2002).

The long-term evolutionary consequences of LGT are less relevant to the issues
and topies addressed in this review than the consequences and impact that recom-
bination and migration have on shaping the genetie structure of bacterial popula-
tions on an ecological time scale. It was not until the early 1990s that analyses of
the genetic structures of tree-living soil bacteria, such as Bacillus subtilis and dif-
ferent rhizobia along with those of several human pathogens, demonstrated that
bacterial species exhibit their own population structures, which can range trom
strictIy clonal to essentially panmietie (Istock et al. 1992; Souza et al. 1992; May-
nard Smith et al. 1993). Most bacterial species lie somewhere in between (Feil and
Spratt 2001), as is the case for rhizobia (Souza et al. 1992; Silva et al. 1999,2003;
Vinuesa et al. 2004a).

Unfortunately, population genetic and evolutionary criteria have been almost
completely neglected in bacterial taxonomy, whieh nowadays is still strongly
dominated by typologieal thinking and similarity criteria. The main genotypie cri-
teria used to delineate bacterial species are >97% overall 16S rDNA sequence
identity and >60-70% DNA-DNA homology (Stackebrandt and Goebel 1994;
Rosselló-Mora and Amann 2001; Stackebrandt et al. 2002), along with a polypha-
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sic analysis of multiple phenotypic characters (Vandamme et al. 1996). Thus, the
species concept used by bacterial taxonomists is static, without lineage perspec-
tive. Noteworthy, bacterial species delineation is largely based on finding phy-
logenetic clades for a single gene (16S rRNA or rrs). However, this gene is often
too conserved to provide enough resolution at the species level. Furthermore, due
to the prevalence of LGT in the bacterial world, single gene phylogenies should
never be taken to represent species phylogenies (Dykhuizen and Green 1991;
Nichols 2001; Gogarten et al. 2002), a confusion found throughout the vast major-
ity of publications describing new bacterial taxa. The comparative analysis of the
genomes ofthree different E. coli strains has revealed that they share only 39% of
their protein coding genes (Welch et al. 2002). This frnding indicates that different
ecotypes of a species may have strikingly different combinations of accessory
(adaptive) genes, and therefore it is probably not adequate to use DNA-DNA hy-
bridization values >70% as the "gold standard" for species delineation in bacteri-
ology, as currently done (Stackebrandt and Goebel 1994; Rosselló-Mora and
Amann 2001; Stackebrandt et al. 2002).

In view of the nature of bacterial population genetic structures and evolutionary
strategies, we use a combination of population genetics based on multilocus en-
zyme electrophoresis (MLEE) and phylogenetic analyses of multiple sequence
loci (targeting different housekeeping and symbiotic genes) to delineate the evolu-
tionary lineages of genes and species, as discussed below.

13.5 Do Bacteria Have Distinctive Distribution Patterns?

It is well established that almost all animal and plant species, particularly the lar-
ger ones, have a limited distribution range, which is determined by historical con-
tingencies and environmental cues (Futuyma 1998). Speciation in these organisms
generally requires geographic isolation for the interruption of gene flow (vicari-
ance and allopatric speciation), as exemplified by insular faunas and floras (Car-
lquist 1974; Baldwin et al. 1998). A contrasting picture has emerged for microbial
organisms. The astronomic abundance of individuals in microbial species and
their tiny body sizes are the postulated reasons why geographical barriers don't
seem to be effective in limiting dispersal of microbial cells (Finlay 1998). This no-
tion is consistent with the lack of evidence that flagellated or ciliated protozoan
morphospecies, or planktonic foraminifers have distinctive distribution pattems
(Darling et al. 2000; Finlay 2002). Since prokaryotes are several orders of magni-
tude smaller and more abundant than microbial eukaryotes, they are also postu-
lated to be ubiquitously distributed (Finlay 2002), which is consistent with the
lack of species differentiation found in different marine and terrestrial prokaryo-
tes, at least at the taxonomic resolution level provided by ribosomal gene se-
quences (Fulthorpe et al. 1998; Cho and Tiedje 2000; Massana et al. 2000;
Martínez-Romero 2002; Bent et al. 2003; Oda et al. 2003). However, studies per-
formed at frner taxonomic resolution levels, such as those provided by multilocus
sequence analyses of protein coding genes, or genomic frngerprinting based on po-
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lymerase chain reaction (PCR) amplification of repetitive extragenic palindromic
sequences (REP-PCR; with BOX, ERIC, or REP primers) have demonstrated the
existence of endemic clonallineages at spatial scales ranging from different conti-
nents to a linear 10m transect along a coastal marsh, and in different habitats such
as soils, hot springs, or human bodies (Fulthorpe et al. 1998; Achtman et al. 1999;
Cho and Tiedje 2000; Bala et al. 2003; Bent et al. 2003; Falush et al. 2003; Oda et
al. 2003; Papke et al. 2003; Whitaker et al. 2003). The authors of some of these
studies claim that their works challenge the presumption that ubiquitous dispersal
is a universal trait of free-living microorganisms (Finlay 1998, 2002), and that
geographical isolation has no impact on the distribution and ev01utionof bacterial
ecotypes in diverse habitats. Thus, the idea that "everything is everywhere and na-
ture selects" is questionable, at least for some bacterial species found in very dis-
junct and specialized environments such as hot springs and thermal vents (Fenchel
2003). Clearly, multilocus sequence analysis of populations from different geo-
graphical areas is the most powerful analytical tool to shed light on this contro-
versy in a proper phylogeographic context (Achtman et al. 1999; Falush et al.
2003; Vinuesa et al. 2004a; Whitaker et al. 2003).

13.6 Population Genetics, Phylogeny and Biogeography
of Sympatric Bradyrhizobium SpeciesNodulating
Endemic Genistoid Legumes in the Canary Islands

The Canary Islands are situated in the northeastem Atlantic Ocean, very close to
northwestem Africa. Endemic Canarian genistoid legumes (ECGLs; Papilion-
oideae:Genisteae) are of great ecological relevance in the archipelago, as they are
dominant members and key indicator species of several native plant cornmunities.
Our previous studies have shown that ECGLs are nodulated exclusively by mem-
bers of the genus Bradyrhizobium (Vinuesa et al. 1998, 1999; Jarabo-Lorenzo et
al. 2000). We showed that two distinct Bradyrhizobium species, B. canariense sp.
nov. and B. japonicum by. genistearum nodulate the same ECGLs (Vinuesa et al.
2004a,b). They were delineated by population genetic and phylogenetic criteria,
both forming highly supported clades for ITS (rDNA intemally transcribed spac-
ers), atpD and glnlI sequences. Interestingly, these sympatric sister species are
sexually isolated despite their overlapping ecological niches, as demonstrated by
linkage disequilibrium analysis of MLEE data and split decomposition analyses of
concatenated ITS, atpD and glnlI sequences. We take this frnding as strong evi-
dence for the existence of species (in an evolutionary sense) in the bacterial world
in ecological time.

Noteworthy, the two species share monophyletic symbiotic gene sequences
(nodC and nifH), evidencing an ancient lateral transfer event of the chromosom-
ally encoded conjugative symbiotic island across these lineages (Vinuesa et al.
2004a,b). We also showed that the geographic distribution of B. canariense sp.
nov. includes at least the nearby continental areas of Morocco and Spain, and
probably extends to other regions, as has been shown for B. japonicum by. gen-
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istearum, which can be found also in North America (Jarabo-Lorenzo et al. 2003;
Vinuesa et al. 2004a,b). MLEE and sequence data ftom insular and continental
populations of B. canariense revealed that there is no significant genetic differen-
tiation between them, and that a significant amount of gene flow is taking place
between these populations. The same conc1usionwas reached for European and
American B. japonicum by. genistearum populations based on multilocus se-
quence analyses. Hence, migration and recombination seem to be the most impor-
tant cohesive forces maintaining species identity in B. canariense and B. japoni-
cum by. genistearum. We hypothesize that bradyrhizobia are being transported
ftom NW Aftica to the Canaries and other parts of the world along with the mas-
sive amounts of dust partic1es arising ftom NW Aftican storms (Griffm et al.
2002).

Finally, high resolution REP-PCR genomic fmgerprints revealed a high diver-
sity of strains across sampling sites, with different epidemic c10nesbeing recov-
ered ftom each of them. This suggests that periodic selection events or selective
sweeps (Cohan 2002) are not important in these populations on an ecological time
scale, and that c10nal lineages are endemic to particular sites, as found in other
studies with soil or sediment Proteobacteria (Fulthorpe et al. 1998; Cho and
Tiedje 2000; Bent et al. 2003; Oda et al. 2003).

13.7 Diversity and Biogeography of Common Bean
Rhizobia from Traditionally Managed Milpa Plots in
Mexico

The symbiosis between common bean (Phaseolus vulgaris) and rhizobia is one of
the most studied bacteria-plant interactions (Spaink et al. 1998). All the available
archeological, morphological, and molecular evidence suggests that cultivated
common bean evolved ftom its wild relative, with multiple domestication centers
in Mesoamerica and in the Andean region of South America around 4,000 years
ago (Singh et al. 1991; Kaplan and Lynch 1999). The discovery of the Americas
triggered the rapid spread of bean cultivars to Europe and other parts of the world,
probably along with American rhizobia carried on their seed coats (pérez-Ramírez
et al. 1998), which are postulated to be the donors of R. et/i-like pSyms found in
diverse rhizobial species that nodulate beans (Amarger et al. 1997; Martínez-
Romero 2002; Segovia et al. 1993).Nowadays, common bean is grown in all con-
tinents and has great dietary and economic importance (Graham and Vance 2003).
Beans were probably codomesticated with maize in Mesoamerica, since these two
crops are grOwntogether in a traditional agroecosystem called "rnilpa" (Souza et
al. 1997; Martínez-Romero 2002). Here, we present the results ftom the analysis
of the genetic diversity and population structure of rhizobia associated with com-
mon bean cultivated under the milpa system in Mexico.

The root nodules of common bean plants ftom six milpa plots were sampled in
a single year to address the spatial distribution of the genetic variability measured
by MLEE. Five genetically related multilocus genotypes (ETs) were recorded in
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all six plots, evidencing a high ecological dominance of these genotypes, which
occupied half of the nodules. On the other hand, more than half of the ETs were
recorded only once, showing some degree of genotype endemicity in each plot
(Silva et al. 1999). Cluster analysis revealed two distantly related genetic groups,
and linkage disequilibrium analyses showed evidence of genetic exchange within
each one. However, linkage disequilibrium was found when analyzing both ge-
netic groups together, suggesting sexual isolation between them (Silva et al.
1999). In order to determine the temporal constancy of the genetic structure, and
to further characterize the genetic groups found, one plot was sampled over three
consecutive years, and in addition to MLEE, other genetic markers targeting the
chromosome and plasmids were assessed (Silva et al. 2003). The genetic structure
was found to be stable over time; the same genetically related dominant genotypes
were recorded, and again the two distantly related genetic groups showed evidence
of genetic exchange within but not across them. Moreover, the molecular markers
targeting the plasmid compartment revealed substantial evidence of plasmid trans-
fer within each group, but not across groups. The complete set of molecular mark-
ers analyzed along with host range experiments showed that the two distantly re-
lated groups corresponded to R. etU and R. gallicum, two previously described
species (Amarger et al. 1997; Segovia et al. 1993; Silva et al. 2003). Taken to-
gether these results show that: (1) the milpa beans are nodulated by R. etU and R.
gallicum; (2) their genetic structure is stable on the space and time scales ana-
lyzed; (3) genetic exchange is an important evolutionary force shaping their ge-
netic structures; and (4) although these species have the ecological opportunities
for genetic exchange, it is not detectable, at least for the populations occupying the
bean nodules.

To gain a broader view of the genetic relationships of the Mexican R. etU and
R. gallicum populations, and to set them in a phylogeographic framework, three
chromosomally and two plasmid encoded genes were sequenced. The sequence
data supported the sexual isolation between the two species and provided evidence
for plasmid transfer within populations. Phylogenetic analysis showed a low ge-
netic differentiation among R. etU and R. gallicum isolates from different conti-
nents (unpubl. data), suggesting a high degree of migration and gene flow among
geographically distant areas. The inclusion of sequences from related species re-
vealed that isolates from other hosts and geographic regions belong to the R. galli-
cum lineage (unpubl. data). In particular, chromosomal genes (rrs, glnIl and atpD)
showed that Medicago ruthenica isolates from Mongolia are indistinguishable
from R. gallicum isolates, although their plasmid-encoded symbiotic genes (nifH
and nodE) are related to those from Sinorhizobium species nodulating Medicago
spp. Based on classical taxonomic criteria, these isolates were named as a new
species, R. mongolense (van Berkum et al. 1998). Our analyses show that the R.
mongolense isolates belong to the R. gallicum lineage with symbiotic genes com-
patible with M ruthenica, and therefore rather correspond to a R. gallicum biova-
riety and not to a different species. The misclassification of the M ruthenica iso-
lates exemplifies the frequent mistake of creating new species or even genera
based on ecological characters, an issue widely documented for some pathogenic
bacteria (Lan and Reeves 2001).
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13.8 Concluding Remarks

The emerging picture from biogeographic studies with different functional groups
of marine and terrestrial prokaryotes is that many species are cosmopolitan, with
locally adapted or "endemic" ecotype populations. However, many prokaryotic
species are ill-defmed due to the poor performance of standard taxonomic practice
in delineating coherent evolutionary lineages. Therefore, phylogeographic studies
of prokaryotes should be based on the sequence analysis of multiple loci, inc1ud-
ing adaptive and neutral genes. The population structures of bacterial species are
also complex and often difficult to determine, because different subpopulations
may have different structures (Feil and Spratt 2001). Furthermore, depending on
the relative intensity of recombination rate (r) vs. point mutation rate (m), evolu-
tionary change at neutral (housekeeping) loci may be more likely to occur by the
former than by the latter force (Feil et al. 2001). In species with high r/m rates,
their long-term evolution is dominated by recombination, which may erase any
deep-rooted phylogenetic signal. In such species, recombination is an important
cohesive force that maintains species integrity. The r/m rates for higWy recombi-
nogenous bacteria are apparentIy not high enough, however, to prevent the emer-
gence of local adaptive c1ones.Therefore, in order to make sound assertions on the
levels of endemicity of local c10nesand populations it is crucial to assess the im-
pact of recombination on the temporal stability of such c1ones, which has been
performed in very few cases (Silva et al. 2003). Our studies on different rhizobial
genera also highlight the significant impact that migration has on shaping the
population structures of these bacteria at local and global scales. However, many
more studies are required to unravel the dispersion mechanisms of prokaryotes.
Examination by appropriate methods of the microbial populations associated with
soil dust partic1es carried across continents by storms originating in Asia and Af-
rica seems a very promising strategy to unravel the distribution pathways of rhizo-
bia, as documented for other soil-bome bacteria and fungi (Griffm et al. 2002;
Prospero, this VoL).

Clearly, the field of bacterial biogeography is in its very infancy and requires
many more judicious studies before general conc1usions can be drawn about dis-
tribution pattems exhibited by diverse functional groups of prokaryotes at various
levels of taxonomic resolution, or about the impact that key evolutionary forces
(mutation, recombination, and migration) have on shaping their local and global
population structures.
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