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Bacteria of the genus Rhizobium and related genera establish nitrogen-fixing symbioses with the roots of
leguminous plants. The genetic elements that participate in the symbiotic process are usually compart-
mentalized in the genome, either as independent replicons (symbiotic plasmids) or as symbiotic regions or
islands in the chromosome. The complete nucleotide sequence of the symbiotic plasmid of Rhizobium etli model
strain CFN42, symbiont of the common bean plant, has been reported. To better understand the basis of DNA
sequence diversification of this symbiotic compartment, we analyzed the distribution of single-nucleotide
polymorphisms in homologous regions from different Rhizobium etli strains. The distribution of polymorphisms
is highly asymmetric in each of the different strains, alternating regions containing very few changes with
regions harboring an elevated number of substitutions. The regions showing high polymorphism do not
correspond with discrete genetic elements and are not the same in the different strains, indicating that they are
not hypervariable regions of functional genes. Most interesting, some highly polymorphic regions share exactly
the same nucleotide substitutions in more than one strain. Furthermore, in different regions of the symbiotic
compartment, different sets of strains share the same substitutions. The data indicate that the majority of
nucleotide substitutions are spread in the population by recombination and that the contribution of new
mutations to polymorphism is relatively low. We propose that the horizontal transfer of homologous DNA
segments among closely related organisms is a major source of genomic diversification.

The analysis of genomes from different organisms has led to
the notion that some regions of the bacterial genome have
been incorporated, during evolution, by lateral transfer from
different sources. In this context, the bacterial genomes might
be considered mosaic structures (5, 10, 14, 18, 20, 30). The
comparison of DNA sequences from closely related strains,
often referred to as microevolutionary genomics (14), is pro-
viding new insights into the recent evolution of bacterial ge-
nomes. Several studies have suggested an important role of
recombination, in addition to that of mutation, in regard to the
diversification of bacterial genomes (5, 13, 23, 24, 29). The
symbiotic genomes of strains belonging to the genus Rhizobium
and related genera (the Rhizobiales) impose interesting ques-
tions in regard to the origin and diversification of their DNA
sequences.

Members of the order Rhizobiales such as Rhizobium, Sino-
rhizobium, Mesorhizobium, and Bradyrhizobium establish nitro-
gen-fixing symbioses with the roots of leguminous plants. The
symbiotic process involves an exchange of chemical signals
between both organisms, resulting in the expression of specific
bacterial and plant genes. Most of the bacterial genes that
participate in the symbiosis are located in specific genomic
compartments, either as independent replicons (symbiotic

plasmids) or as symbiotic regions or islands in the chromo-
some. The nucleotide sequences of some complete genomes
and of several symbiotic compartments of rhizobial organisms
have been reported (8–10, 12, 15, 16). The symbiotic genomic
compartments are usually dispensable for bacterial survival. As
opposed to the chromosomes of different rhizobial organisms,
the symbiotic compartments share only a relatively small num-
ber of genes (10).

The symbiotic genome compartment of Rhizobium etli, the
symbiont of the common bean plant Phaseolus vulgaris, consti-
tutes an independent replicon. The nucleotide sequence
(371,255 bp) of the symbiotic plasmid of the model strain
CFN42 has been previously reported (10). This sequence was
compared to symbiotic genome compartments or to whole
genomes from different rhizobial organisms (10) including Si-
norhizobium meliloti (9), Mesorhizobium loti (15), Bradyrhizo-
bium japonicum (12, 16), and Rhizobium sp. NGR234 (8).
These studies proposed that the symbiotic compartments of
rhizobial organisms are mosaic structures that have been
shaped during evolution by recombination, horizontal gene
transfer, and transposition. However, to obtain direct evidence
of the events leading to the actual structure of a genome, the
DNA sequences of very similar organisms should be compared.

Using the nucleotide sequence of the symbiotic plasmid of
CFN42 as a basis (10), we identified homologous regions
shared by R. etli strains from different geographical origins.
The nucleotide sequences of some of these regions were ob-
tained for different strains, and the distribution of single-nu-
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cleotide polymorphisms (SNPs) was analyzed. The data indi-
cate that the majority of base substitutions are spread in the
population by recombination events and that the horizontal
transfer of homologous DNA segments is a major source of
diversification of the symbiotic genome of R. etli.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All the Rhizobium etli strains used
were isolated from effective Phaseolus vulgaris nodules. Rhizobium etli strains
were grown at 28°C in PY medium (0.5 peptone–0.3% yeast extract–10 mM
CaCl2) containing 50-�g/ml nalidixic acid.

DNA isolation. Total DNA was purified by using a DNA/RNA isolation kit
(USB; Amersham Pharmacia).

Oligonucleotide primers and PCR assays. PCR primers were designed accord-
ing to the DNA sequence of the symbiotic plasmid of strain CFN42 (strain A; see
Results) (10), using the software Oligo 6.4 (MB1). Oligonucleotides (20-mers)
were synthesized by Biosynthesis (Lewinsville, TX). The exact position of the 5�
start base, according to the reported DNA sequence, as well as the orientation,
is available online at http://www.ccg.unam.mx/Flores_primers.htm.

PCR assays were carried out in a 25-�l reaction mixture containing the tem-
plate genomic DNA (250 ng) in 1� polymerase reaction XL buffer II
(PerkinElmer), 1.1 mM magnesium acetate, 200 �M deoxynucleoside triphos-
phates, 5 pmol of each primer, and 1 U of rTth DNA polymerase XL
(PerkinElmer). PCR amplifications were performed with a 9700 Thermocycler
(PerkinElmer) under the following conditions: an initial denaturation at 94°C for
1 min; 30 cycles of denaturation, each consisting of 94°C for 15 s, annealing, and
extension (60°C; 5 min); and a final extension at 72°C for 6 min. PCR products
were checked by agarose gel electrophoresis. When PCR products were used for
sequence analysis, several 25-�l reaction mixtures were pooled.

DNA sequencing. All of the sequencing was based on PCR products of about
5 kb each, obtained as described above. In the case of the sequence of the two
contigs of strain 8C-3 (strain B; see Results), homologous to strain CFN 42, a tile
of overlapping PCR products of each contig was used. To sequence individual
PCR products, one of two methods was used. In the first, the sequencing reaction
mixture was primed by specific oligonucleotides designed from the sequence of
the homologous region of strain CFN 42. For each 5-kb PCR, 15 forward and 15
reverse primers, separated by about 300 to 400 bp, were used, and two reactions
per primer were performed. In the second method, generally used when the
corresponding PCR of strain 8C-3 contained more DNA than that of strain CFN
42, the PCR product was randomly sheared by nebulization and cloned in pZero
2.1 vector (Invitrogen, Carlsbad, CA). DNA was isolated from 96 recombinant
clones, and universal primers were used for the sequencing reactions.

All the sequencing reactions were performed with a Big-Dye Terminator kit in
a 3700 automatic DNA sequencer (Applied Biosystems, Foster City, CA). The
assemblies were carried out with CONSED software (11). The error rate for each
assembly was estimated to be �1 in 10 kb.

Sequence alignment. Multiple sequence alignments were done by Clustal X
(28). Each polymorphism was ascertained by direct inspection of the chromato-
grams displayed by the CONSED software (11).

Nucleotide sequence accession numbers. The GenBank accession numbers of
the nucleotide sequences from regions of the different R. etli isolates are as
follows: DQ058415, DQ058416, and DQ058417 of the three large contigs from
strain B; DQ058418, DQ058419, DQ058420, DQ058421, DQ058422, and
DQ058423 from strain C; DQ058424, DQ058425, DQ058426, DQ058427,
DQ058428, and DQ058429 from strain D; DQ058430, DQ058431, DQ058432,
DQ058433, DQ058434, and DQ058435 from strain E; DQ058436, DQ058437,
DQ058438, DQ058439, DQ058440, and DQ058441 from strain F; DQ058442,
DQ058443, DQ058444, DQ058445, DQ058446, and DQ058447 from strain G;
DQ058448, DQ058449, DQ058450, DQ058451, DQ058452, and DQ058453 from
strain H; DQ058454, DQ058455, DQ058456, DQ058457, DQ058458, and
DQ058459 from strain I; and DQ058460, DQ058461, DQ058462, DQ058463,
DQ058464, and DQ058465 from strain J (see Table 1, for strain codes).

RESULTS

Overall structure of the symbiotic genome compartment of
different R. etli strains. The R. etli strains used in this study
were isolated from several parts of the world, and most of them
have been used by different laboratories. We confirmed, in

greenhouse experiments, that all the strains nodulate and fix
nitrogen in Phaseolus vulgaris (not shown). To simplify the text,
strains were coded with letters (A to J) (Table 1). To define the
overall structure of the symbiotic compartments of different R.
etli strains (see Materials and Methods) a concatenated PCR
approach was used. Based on the nucleotide sequence of the
model strain CFN42 (371,255 bp) (10), a collection of 371
forward and 371 reverse PCR primers were synthesized. The
distance between the primers in each set was about 1 kb. In
each kb of the symbiotic plasmid, the corresponding forward
primer was located upstream with regard to the reverse primer
(see information online at http://www.ccg.unam.mx/Flores
.htm). PCRs to obtain a complete concatenated coverage of
the whole structure of the pSym of strain A were performed for
each of nine strains (A to I). For each PCR, the primers were
located at a distance of about 5 kb. Reactions starting at the
forward primer in every kilobase and ending in the reverse
primer 5 kb downstream were performed. As expected, the
assembly of the 371 PCR products obtained with the total
DNA of strain A resulted in a tightly concatenated single
circular contig (Fig. 1A).

When applied to other strains, this approach revealed inter-
esting features of the overall structure compared to that of the
model strain. Each strain produced a characteristic profile
(Fig. 1). Actually, we originally used 10 strains; however, 1 of
them presented the same pattern as that of strain I. Such a
strain was isolated from the same location but 2 years later
than strain I. This strain was eliminated from further analysis.

The numbers of contigs varied from two in strain B to eight
in strain I. Gaps between contigs were defined as zones in
which PCR products could not be concatenated. This could be
the result of different rearrangements, such as large indels,
inversions, or translocations, compared to the structure of
strain A. Inside the contigs, indels were clearly revealed by
concatenated PCR products either larger or smaller than those
of strain A (Fig. 1). Interestingly, when the 371 pairs of primers
were used in a different rhizobial group, Sinorhizobium meliloti,
the only PCR product produced a match to the region con-
taining the nitrogenase genes (not shown).

Distribution of SNPs in homologous regions of the symbi-
otic genome compartment of different R. etli strains. Based in
the PCR profiles of the different strains (Fig. 1), we localized
six regions that presented the same PCR pattern in all the
strains. From each of these regions, we selected a homologous
PCR product, of about 5 kb, from each strain. The localization

TABLE 1. Bacterial strains

Code Strain Origin Reference or source

A CFN42 Mexico 25
B 8C-3 Spain 26
C TAL 182 Hawai 22
D Kim 5 Mexico 3
E Bra-5 Brazil 22
F CNPAF 512 Brazil 4
G CIAT 151 Colombia CIATa

H CIAT 652 Colombia CIAT
I IE 954 Mexico 27
J GR 56 Spain 26

a CIAT, Centro Internacional de Agricultura Tropical, Colombia.
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of the corresponding DNA fragments is shown in Fig. 1. As
expected, for a particular region the PCR products of the
different strains had the same size. We added another strain
(strain J), which also produced similar PCR products in the
different regions. The nucleotide sequence of the six PCR
products of the 10 different strains was obtained.

Figure 2 presents the distribution of SNPs according to the
consensus sequence derived from the 10 different strains.
When a particular nucleotide was the same in five strains and
a different one was shared in the other five strains, we arbi-

trarily defined the consensus nucleotide as that present in
strain A.

For a particular strain, the distribution of SNPs was highly
asymmetric. There are regions with very few SNPs and regions
that showed a large number of SNPs. The regions with a low or
high SNP content were not the same in the different strains.
Each strain showed a particular pattern of variation in regard
to the consensus.

Most interesting is the fact that in some regions a set of
strains presented exactly the same SNPs. Furthermore, in some

FIG. 1. General structure of the symbiotic genome compartment of different strains of R. etli. The general structure of the symbiotic
compartment was inferred from a concatenated PCR analysis based on the nucleotide sequence of model strain CFN42 (strain A) (Table 1). Gray
segments correspond to regions covered by PCR products of the same length as those of strain A, about 5 kb (see Materials and Methods). Black
segments correspond to regions covered by PCR products of different lengths than CFN42, indicating the presence of indels. The height of the
black segments indicates the relative amount of DNA compared to that of CFN42 (which in all cases corresponds to about 5 kb). The width of
the black segments indicates the maximum length of the region in which the corresponding indel could be present. White segments correspond
to regions where the PCR products could not be concatenated. The scale, in kilobases, corresponds to the continuous nucleotide sequence of
CFN42. The bars labeled 1 to 6 at the bottom correspond to the segments selected for the DNA sequence analysis presented in Fig. 2. Letters A
to I correspond to the codes for the different strains (Table 1).
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cases different sets of strains shared the same SNPs in different
regions. For example, a close examination of region 6 reveals
that strains B, C, D, F, and J shared the same SNPs in a region
of about 1.75 kb; in strains F and J, this region was extended at

least 0.5 kb at the 5� end. In the same region, strains E and G
shared several SNPs, a subset of which is present in strain I;
and strains A and H shared some SNPs. In region 3, strains D
and I shared a large number of SNPs along the 5 kb; a subset

FIG. 2. Nucleotide sequence diversity among selected regions of the symbiotic compartment of different strains of R. etli. The nucleotide
sequence of PCR products corresponding to regions 1 to 6 (Fig. 1) was obtained from different R. etli strains. For each region, the nucleotide
sequences of the strains were aligned by Clustal W, and a consensus sequence was obtained for each nucleotide position. In cases where half of
the strains presented the same nucleotide and the other five shared another nucleotide, the consensus was arbitrarily defined as the nucleotide
present in the group containing strain A. Differences from the consensus were defined for the different regions for each strain. The results are
plotted as bars representing the number of nucleotides differing from the consensus in consecutive windows of 250 nt. For each region, the rules
for the color code are as follows. Red, blue, and green represent identical nucleotide variations from the consensus in different strains; black
represents nucleotides differing from the consensus shared by at least two strains in cases where any two strains do not share �5 nucleotides (nt)
differing from the consensus in the whole 5-kb region; gray represents nucleotides differing from the consensus in only one of the strains. Although
the rules of the color code are the same for the different regions, the colors are only valid for each specific DNA region. Regions are indicated
by numbers as in Fig. 1; the letters A to J represent different strains (Table 1); the length of each DNA region corresponds to 5 kb; the height of
each square corresponds to 35 nt changes.
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of these was also shared by strains E and H, and a smaller
subset was present in strain G. Other cases of identical poly-
morphisms present in some of the strains are shown in Fig. 2.
It is also evident from the data in Fig. 2 that in some cases large
accumulations of SNPs are present in only one strain.

Distribution of the nucleotide sequence variation between
the symbiotic compartments of two R. etli strains. From the
data in Fig. 2, it might be inferred that comparison of the
homologous sequences in the symbiotic compartments of two
R. etli strains should reveal a general pattern of alternating
regions with low and high levels of polymorphism. The com-
plete nucleotide sequence of pSym of strain A was previously
reported (10). The nucleotide sequence of the two contigs of
strain B, homologous to strain A (Fig. 1), was obtained and
compared to that of strain A.

Figure 3 shows the nucleotide divergence of the two symbi-
otic compartments in 1-kb windows. As expected, zones of very
low divergence alternated with highly divergent zones. There
were regions of up to 14 kb without any differences, while some
others accumulated �80 nucleotide divergences in 1 kb. In
windows of 250 bp, 70% of the total sequence showed no
variation, while about 5% of the sequence contained nearly
50% of the nucleotide divergence (Fig. 3, inset). The compar-
ison revealed very few short indels, usually from 1 to 6 bp (not
shown). Indels larger than 300 bp are shown in Fig. 3 (above

the scale) and correspond to the general profile revealed by the
concatenated PCR approach (Fig. 1).

In Fig. 4, the nucleotide variation between the two strains is
presented as related to the previously reported annotation of
strain A (10). The annotation of the homologous regions was
similar for the two strains; in only a few cases, a gene in one
strain corresponded to a pseudogene in the other strain. In
addition to the above-described asymmetric distribution of
SNPs, another interesting characteristic of this distribution is
shown. The highly diversified regions did not correspond to the
limits of functional elements. These regions may be parts of
genes or intergenic regions or may cover several genes. Fur-
thermore, in many cases a region started and/or ended in the
middle of a gene (Fig. 4).

DISCUSSION

The strategy followed to obtain the overall genomic profile
of homologous DNA regions, concatenated PCR, might be of
general utility for comparing genomic regions of closely related
organisms. The comparison of the genomic profile of strains A
and B (Fig. 1) with their actual DNA sequence (Fig. 3 and 4)
indicates the high sensitivity of the method to detect syntenic
regions, as well as genomic rearrangements, in particular in-
dels. The collection of primers used in this study (see infor-

FIG. 3. Analysis of the nucleotide sequence variation between the symbiotic compartments of two R. etli strains. The nucleotide sequences of
the homologous regions between strains A (10) and B (this work) were compared and are presented as number of nucleotide changes per kilobase.
Indels were not counted as nucleotide differences. Small indels, usually 1 to 6 nt, are not indicated; indels of �300 bp are schematized above the
scale as bars showing the length of the indel at the top (where strain A contains more DNA sequence) or at the bottom (where strain B contains
more DNA sequence). The scale corresponds to the nucleotide sequence of strain A, as previously reported (10). The inset correlates the
percentage of the total number of nucleotide differences between the two strains. The homologous sequence was analyzed in 250-bp windows, and
the percentages of DNA and of nucleotide changes are shown as a function of the number of nucleotide differences present in the corresponding
windows.
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mation online at http://www.ccg.unam.mx/Flores_primer.htm)
constitutes a resource to analyze symbiotic compartments from
R. etli strains isolated from any region in the world.

The overall structure of the different R. etli symbiotic regions
analyzed indicated that several genomic rearrangements oc-
curred during evolution. A similar conclusion has been ob-
tained with different organisms (17, 19, 31). Moreover, several
studies indicate that the bacterial genome presents rearrange-
ments at a high frequency (2, 7).

However, the profiles presented in Fig. 1 suggest other in-
teresting characteristics. The regions between contigs and the
indels inside contigs suggest that similar events are shared by
different sets of strains in different regions. We sequenced
some of these regions in several strains; in some cases, we
found that different strains share identical indels in the same
position (not shown).

The identification of SNPs as molecular markers has been
recently applied to several closely related bacteria (1, 21, 29).
This approach has shown to be extremely valuable in phyloge-
netic and epidemiological studies. In this work, we focused on

regions showing a similar concatenated PCR profile to analyze
the distribution of SNPs.

The data presented in Fig. 2, 3, and 4 clearly highlight the
fact that the distribution of polymorphism is far from random.
A particular strain alternates regions with very low divergence
with highly divergent regions compared with either another
strain (Fig. 3) or with a consensus of several strains (Fig. 2).
Moreover, most of the variation between two strains is located
in the hyperpolymorphic DNA segments (HYDS), which in the
case of the data presented in Fig. 3 constitutes a relatively low
percentage of the total sequence. The specific localization of the
divergent regions depends on the particular strains compared.
However, the asymmetric distribution of the HYDS is a general
feature of the genomic compartments analyzed in this work.

The data show several examples in which HYDS share the
same base substitutions in some of the strains. Of particular
interest is that in different regions, different sets of strains
share the same variation. The length of the regions with shared
variation can be very short, �250 bp, to several kilobases long.
The limits of the HYDS are not related to discrete functional

FIG. 4. Nucleotide variation between strains A and B in relation to the annotation of strain A (10). For each region, three rows are shown. The
bottom rows present the scale in kilobases according to strain A divided in windows of 250 bp each for the homologous DNA regions. Zones
without windows indicate either interruptions in the concatenated PCR profile (as in Fig. 1) or indels containing more DNA in strain A. The color
of each window indicates the extent of nucleotide differences as follows: white, no differences; yellow, 1 to 4 differences; orange, 5 to 10 differences;
red, �10 differences. Indels were not counted as nucleotide differences. The middle line rows indicate the open reading frames (ORFs) common
to both strains, following the annotation of strain A (10). Gray arrows show ORFs with similar annotations in both strains; black arrows indicate
ORFs that correspond to pseudogenes in one of the strains. The top rows show the continuity of the homologous sequence between the two strains
and the major genomic rearrangements that interrupt it. The absence of the solid line indicates regions where concatenation of PCR products was
interrupted (see Fig. 1). Bars above the line indicate indels where strain A contains more DNA; bars below the line indicate indels where strain
B contains more DNA; in this case, the right end of the bar indicates the position of the insertion according to the scale of strain A.
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elements in the DNA sequence. Furthermore, the HYDS do
not correlate with base composition or with the presence of
insertion sequences. In the sequences presented in Fig. 4, there
are several insertion sequences (see the annotation of strain A)
(9) and only one hyperpolymorphic region, located at about kb
200, that are related to an insertion sequence.

The data indicate that shared HYDS are derived from a
common ancestor of the strains in the particular region in-
volved. Furthermore, some regions should have been derived
from different ancestors. Extrapolating to the whole DNA se-
quence of the different R. etli symbiotic compartments of
strains existing at present, we could infer that different regions
in a particular strain are derived from different lineages.

The alternation of regions derived from different lineages in
a particular strain should be the result of recombination events
in different ancestors. The limits of several recombination
events are suggested from the data presented in Fig. 2. In some
of the regions, a hierarchical order of different recombination
events occurring in the ancestors of the strains studied can be
inferred.

In contrast to the proposed recombination events, there are
few isolated base substitutions in a single strain (Fig. 2 and 3).
In some cases, HYDS are present in only one of the strains
studied, for example in strain B, region 1; strain I, region 1 and
5; and in I, region 6. Presumably,if a large collection of strains
were analyzed, other strains containing similar HYDS might be
found. As mentioned above, one strain with a concatenated
PCR profile similar to that of strain I was isolated 2 years later
from the same place. The sequence analysis of some regions
revealed identical sequences in the HYDS analyzed (not
shown). In this case, the two strains would be siblings, recently
derived from a common ancestor. The population genetics of
the R. etli strains of this region have been analyzed (27) and
shown to be highly heterogeneous. The sequence analysis of
some strains of this region revealed the presence of some but
not all the HYDS shown in Fig. 2 for strain I (not shown).

Studies from different laboratories focused on microevolu-
tionary genomics of bacteria have revealed the importance of
recombination events. Most of these studies have compared
either the predicted proteins or the actual nucleotide se-
quences of the genes shared by the analyzed genomes (6, 13,
14, 24, 30). In the present study, we compared the nucleotide
sequences of homologous DNA regions without subdividing
them into their potential functional elements. This strategy
allowed the identification of the boundaries of recombination
events. As mentioned above, such boundaries do not corre-
spond to discrete genetic elements. We propose that the hor-
izontal transfer of homologous DNA segments among closely
related organisms is a major source of genomic diversification.

Our data indicate that the majority of nucleotide substitu-
tions are spread in the population by recombination and that
the contribution of new mutations to polymorphism is rela-
tively low. We infer that the structure of the symbiotic com-
partment of Rhizobium etli strains is a consequence of a mosaic
type of evolutionary history.
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