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ABSTRACT

The first whole genome sequence of a symbiotic soil
bacterium, Sinorhizobium meliloti (formely named
Rhizobium meliloti) strain 1021, is due in 2001. As an
active participant in the European and North American
consortium that has completed this work, our group
has sequenced a region on the chromosome
containing clusters rpoBC, str, S10, spc and alpha
corresponding to 30 protein genes. The structural
organization and function of these genes were
compared with those of orthologs in another 15
complete eubacterial genomes available in data-
bases. This study, involving the DNA and amino acid
sequences as well as the organization of the whole
region (gene order, cluster order, etc.), has shown
that the phylogenetic tree resulting from a comparison
of the amino acid sequence is rather similar to that
derived from 16S rRNA sequence data. However, the
tree achieved by aligning DNA sequences groups the
organisms with a high GC content (>60% GC), while
that based on a comparison of gene cluster orienta-
tion and organization reveals a greater level of corre-
spondence between the α-proteobacteria S.meliloti
and the firmicute Bacillus subtilis.

INTRODUCTION

Sinorhizobium meliloti (formely Rhizobium meliloti), a soil
bacterium living mostly in the rhizosphere, is able to nodulate
plants belonging to the genera Medicago, Melilotus and Trigo-
nella (1). In the interaction leading to bacterium–plant symbiosis,
each Sinorhizobium differentiates into a bacteroid and reduces
atmospheric nitrogen to ammonia (2). The agronomical and
ecological benefits of symbiotic nitrogen fixation promoted the
DNA sequencing of the three replicons of S.meliloti strain
1021 (a chromosome of 3.7 Mb and two megaplasmids of 1.7
and 1.4 Mb) (3,4) by an international consortium. This project
is in the final phase and the whole annotated sequence will
soon be released. Sinorhizobium meliloti will then be the first
non-pathogenic plant-associated bacterial genome available in
the databases.

Complete genome sequences can be used to compare organisms
with respect to the nucleotide or amino acid content of
large coding regions, a comparison most easily achieved in
prokaryotes, in view of the relative simplicity of their genomes
(often a single circular chromosome) and the continuity of
their coding regions (lack of introns).

In this study we have compared a large region of ∼300 kb
containing the rpoBC (5), str (6), S10, spc (7) and alpha
clusters (8), encoding most of the ribosomal proteins [30 genes
in a total of 55 ribosomal proteins (r-proteins)]. Since tran-
scription units and regulatory mechanisms have not yet been
characterized in S.meliloti, the term ‘cluster’ is used to designate
the same group of genes in Escherichia coli.

Clustered ribosomal protein genes were chosen in view of
their ubiquity, similar conservation rates and purity; horizontal
transfer between lineages is unlikely. Since ribosomes were
discovered in the mid 1950s (9), while their structure, function,
biosynthesis and regulation have been extensively studied,
cluster organization and gene location over the chromosome
have not. From 1965 to 1977, microbial phylogeny relied on
the sequence of proteins such as ferredoxins (10) and cyto-
chromes (11). However, the significance of the latter proteins
as molecular clocks does not extend beyond their family circle
and cannot be considered as representative of genome-wide
evolution. Subsequently, the molecular clock function was
assigned to the small subunit rRNA (also named 16S rRNA),
as proposed by Olsen and Woese (12). In the present analysis,
although the ribosomal proteins that bind to the rRNA mole-
cule can also be considered as molecular clocks, we propose to
focus mainly on rpoBC, str, S10, spc and alpha cluster
comparisons to correlate the structural organization and func-
tion of these orthologous genes. This study was performed by
considering the DNA and amino acid sequences as well as the
genetic organization of the whole region (gene order, cluster
order, etc.) and was intended to investigate the relationships
between S.meliloti and another 15 complete eubacterial
genomes available in the databases. This study indicated that
the three types of data (amino acid sequence, DNA sequence
and genetic organization) give divergent results. The most
interesting of these is that a close relationship has been
revealed between S.meliloti, a Gram-negative proteobacte-
rium, and Bacillus subtilis, a Gram-positive firmicute, by
means of a genetic organization comparison. We view this
similarity as denoting convergent functional and genome
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evolution processes rather than phylogenetic relationships
between the two bacteria.

MATERIALS AND METHODS

Strain

Sinorhizobium meliloti strain 1021 (SU47, StrR, a derivative of
strain RCR 2011; 13) was provided by S. R. Long (Department
of Biological Sciences, Stanford University, CA).

Data

Data encompassing the sequences of 15 complete eubacterial
genomes (Table 1) are available in the GenBank database. No
comparison with Archaea was done, as their ribosomal
proteins are distinct and incomplete. However, a comparison
with the archaeal consensus sequence proposed by Wächter-
shaüser (14) is shown in Figure 2. Sequences from S.meliloti
strain 1021 were determined on BAC14B8 (http://
www.recomgen-univ-rennes1.fr/meliloti) using dye terminator
chemistry, an ABI 377 automatic sequencer (Perkin Elmer)
and the Phred-Phrap software package (Phil Green, University
of Washington, Seattle, WA). The S.meliloti whole genome
sequence is in publication (F.Galibert, submitted) and data are
available at http://sequence.toulouse.inra.fr/meliloti.html.

Orthologous genes

As the classification and annotation data available in the 16
organisms are comparable, orthologous ribosomal genes
(r-protein genes) were easily defined. In addition to r-protein
genes, this 300 kb region contains genes encoding non-
ribosomal proteins, in particular genes for elongation factors
tuf and fus and subunits of RNA polymerase (rpoBC). All the
orthologous genes mentioned above are found associated in

clusters in other eubacterial genomes, which favors structural
organization comparisons at the clustering level.

Sequence alignment

Multiple alignments of protein sequences were performed
using CLUSTALW (15) and the BLOSUM-52 matrix. DNA
sequences were aligned using CLUSTALX (16). Phylogenetic
analyses were determined using PHYLIP v.3.5 software (17).
Matrices were used with the neighbor-joining method (18).
Bootstrap confidence analysis was performed on 1000
replicates to determine the reliability of the distance tree
topologies obtained (17) using SEQBOOT and CONSENSE.
Graphical representations of the resulting trees were made
using Treeview v.1.5.3. Concerning genetic organization, this
work is based on the analysis of certain features that occur in
alternative forms, such as presence {1} or absence {0}, colinearity
{1} or disruption {0}, etc. In our study, these features are
genes or clusters of genes. By asking 20 independent questions
examined in random order, we obtained a matrix of 0s and 1s,
as shown in Table 2. This matrix was analyzed with
SEQBOOT (using the Discrete Morphology parameter)
followed by a parsimony study using the MIX program and a
consensus tree proposed by CONSENSE.

Secondary structure determination

Secondary structures were obtained using MFOLD v.2.3
(http://mfold2.wustl.edu/~mfold/rna/form1.cgi).

RESULTS AND DISCUSSION

Ribosomal proteins (r-proteins) in S.meliloti

Our study focused on a subgroup of 36 genes (including 30
r-protein genes) clustered in five units called the rpoBC (RNA

Table 1. DNA sequence data

aC, circular; L, linear.
bData for chromosome 1.

Organism Strain Length (Mb) GC (%) Accession no. Classification Chromosomea

Aquifex aeolicus VF5 1.55 50 AE000657 Aquificales 1C

Bacillus subtilis 1423 4.21 44 AL009126 Firmicutes 1C

Borrelia burgdorferi 139 0.91 50 AE000783 Spirochaetales 1C-1L

Chlamydia pneumoniae UW3 1.04 50 AE001273 Chlamydiales 1C

Deinococcus radiodurans R1 3.28 67b AE000513b Thermus/Deinococcus 3C

Escherichia coli K12 4.63 51 U00096 Gamma-proteobacteria 1C

Haemophilus influenzae 71421 1.83 38 L42023 Gamma-proteobacteria 1C

Helicobacter pylori 26695 1.66 50 AE000511 Epsilon-proteobacteria 1C

Mycobacterium tuberculosis 1773 4.41 65 AL123456 Firmicutes 1C

Mycoplasma genitalium G37 0.58 32 L43967 Firmicutes 1C

Mycoplasma pneumoniae M129 0.81 40 U00089 Firmicutes 1C

Rickettsia prowazekii MadridE 1.11 50 AJ235269 Alpha-proteobacteria 1C

Synechocystis sp. PCC6803 3.57 48 AB001339 Cyanobacteria 1C

Thermotoga maritima TM0001 1.86 50 AE000512 Thermotogales 1C

Sinorhizobium meliloti 1021 6.80 62b (In progress) Alpha proteobacteria 3C

Treponema pallidum Nichols 1.13 53 AE000520 Spirochaetales 1C
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polymerase β and β′ subunits), str (streptomycin), S10
(r-protein S10), spc (named for the S5 gene for the antibiotic
spectinomycin) and alpha (RNA polymerase α subunit)
clusters. As indicated in Figure 1A, the five clusters are
contiguous in the S.meliloti genome, with short inter-cluster
regions (∼100–250 bp) and are all transcribed in the same
orientation. Upstream of the rpoBC cluster we found secE and
nusG as well as a second copy of tufA (tufA-2). Such a duplica-
tion was found in Gram-negative bacteria from three major
phyla: purple bacteria, bacteroids and Cyanobacteria, while
only a single copy of tuf was found in Gram-positive bacteria,
including mycobacteria, mycoplasma and B.subtilis (19).

Ribosomal protein cluster arrangement in eubacteria

As shown in Figure 1B, by first comparing the 16 eubacteria
and the consensus archaea r-protein cluster organization we
established a major distinction between the overall comple-
ment of genes in these two phyla. In fact, in all archaeal
r-protein clusters the str operon contains gene S10, while being
located elsewhere on the chromosome. A comparable association
between S10 and cluster str is encountered in Synechocystis
and Chlamydia. This association in cyanobacteria is interesting
as these organisms are considered as ancestors of chloroplasts
and this type of bipartition of r-protein clusters has also been
retained in Chlorophyta, Euglenophyta and Glaucocystophyta,
but not in Metaphyta (land plant), chloroplasts (20). Another
particular of archaeal ribosomal clusters is the presence of 10
supernumerary genes. These encode proteins of unknown
function (X1, X2) as well as unrelated genes (SU1, a homolog
of protein translation factor; cdk, cytidylate kinase; cent,
centromere-binding protein; trnS, tRNASer) and other r-protein
genes (encoding proteins S4e, L32, L19 and L14). Finally, the
position of rpsD is different in the alpha operon, in which the

gene lies between rpsM and rpsK in archaea and between rpsK
and rpoA in eubacteria (as indicated in Fig. 1B).

As for eubacterial genomes, the overall gene order is remark-
ably maintained in each species, except for several ribosomal
or non-ribosomal genes that are missing in some organisms.
The second important finding was that S.meliloti is the only
organism, with B.subtilis, that displays an uninterrupted
sequence for the five clusters. In all the other 14 bacteria, the
presence of unrelated coding regions between the clustered
ribosomal genes pointed to several breakpoints. For example,
in E.coli, the breakpoint between rpoC and rpsL (Fig. 1B)
coincides with insertion of >650 unrelated genes between
them, now separated by ∼715 genes. These results are inter-
esting because evolutionary events usually consist of DNA
rearrangements manifested by gene loss and fusion/fission
processes.

Differences between S.meliloti and B.subtilis cluster organi-
zation exclusively result from gene insertion (two genes in
S meliloti) or deletion (two genes in S.meliloti). For instance,
in the region upstream of rpoBC, the gene pattern in B.subtilis
differed from that of S.meliloti by the presence of an open
reading frame (orf23), apparently encoding a 23 kDa protein
essential in B.subtilis (21). In addition, S.meliloti does not
include map and infA downstream of adk and these two genes
are located elsewhere in the genome. Furthermore, both
B.subtilis and S.meliloti lack a S4 gene (rpsD) in the alpha
operon, in contrast to the majority of the eubacterial genomes
(Fig. 1B). In all these, rpsD is found as a single unit at another
location on the chromosome. Finally, gene rpmJ, encoding the
smallest protein of the large subunit of the ribosome (called
L36), is distant from the alpha cluster in S.meliloti, Rickettsia
prowazekii and Chlamydia.

To evaluate the importance of the breaks between the
clusters in proteobacteria, we calculated the distance between

Table 2. Matrix used for the genetic organization comparison

a1, presence; 0, absence.
b1, colinearity; 0, disruption.
c1, same orientation; 0, different orientation.

rpmJa rpsDa adka Genes
betwen

adk and
secYa

alpha
and
spcb

rpmDa secYa rpsJa S10
and
spcb

S10
and
strb

str
and

rpoBCb

The
five

clustersb

The
five

clustersc

tufAa fusAa rpoBCa rplJa rplLa rpsNa Into
the spc

operonb

S.meliloti 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Synechocystis 1 0 1 1 1 0 1 0 1 0 0 0 0 1 1 1 1 1 0 1

T.maritima 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1

D.radiodurans 1 1 1 1 1 1 1 1 0 1 0 1 0 1 1 1 0 1 1 0

C.pneumoniae 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 1 1 1 0 1

T.pallidum 1 0 0 0 1 0 1 1 1 0 1 1 0 0 0 0 1 1 1 1

B.burgdorferi 1 0 0 0 1 1 1 1 1 0 1 1 1 0 0 0 1 1 1 1

A.aeolicus 1 1 1 1 0 1 1 1 0 0 0 1 0 0 0 0 1 1 1 1

B.subtilis 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Mycoplasma 1 0 1 1 1 0 1 1 1 0 0 1 0 1 0 1 0 1 1 1

R.prowazekii 0 0 1 0 1 1 1 1 1 0 1 1 0 0 0 1 1 1 1 1

H.influenzae 1 1 0 0 1 1 1 1 1 0 0 1 0 0 0 0 1 1 1 1

E.coli 1 1 0 0 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 1

H.pylori 1 1 0 1 1 0 1 1 1 0 1 1 1 1 1 1 0 1 1 1
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str and S10 and between rpoBC and str. Stretches of 250 and
25 kb (for str and S10, respectively) and 70 and 700 kb (for
rpoBC and str) were found in Haemophilus influenzae and
E.coli.

In view of the mean density of ORFs in prokaryotes (one
gene per kb), all long breaks involve many gene integration
events between the ribosomal clusters and can probably be best
interpreted in terms of gene pattern and regulation processes.
Remarkably, both S.meliloti and B.subtilis have their clustered
r-protein genes on one strand, all being transcribed in the same
orientation.

Intergenic region

Differences in intergenic region length suggest different
regulatory mechanisms for protein expression within these
operons in the various organisms studied. To investigate this
hypothesis further, we decided to inspect and compare the
intergenic distance between the stop codon and the following
start codon in contiguous genes in the S10, spc and alpha
clusters.

A first analysis (Fig. 2A) showed that the intergenic (Ig)
average length for each organism is roughly related to genome
size. A comparison between the 16 eubacteria indicates that
S.meliloti displays the longest Ig sequence length, with a
median value of ∼65 bp, this value correlating well with
genome size (6.8 Mb). Conversely, it can be seen that
Mycoplasma includes remarkably small intergenic regions,
with an average of ∼5 bp.

On the whole, the size of the Ig regions does not vary from
gene to gene in individual organisms. Instances of important
variability occur at the end of the single operon or at positions
where comparing these organisms suggested gene insertion/
deletion events had taken place (secY and S11 for example;
data not shown). Regarding S.meliloti, two exceptions to this
rule were detected, concerning the Ig distance between genes
S13 and S11 (∼230 bp; Fig. 2B) and between genes L18 and L5
(138 bp; Fig. 2C). The long distance between genes encoding
S13 and S11, in conjunction with the absence of rpsD, a
protein that regulates the S13, S11 and probably L17 genes (but
not rpoA) in E.coli, suggests a new regulation process for the
alpha operon in S.meliloti. However, as previously demon-
strated by Post et al., sequence similarity in promoters of
r-protein clusters is not sufficiently reliable to determine new
promoter sites in silico (22). For this reason, in vitro analyses
such as primer extension, northern analysis and in vitro tran-
scription reactions are necessary.

Comparison of the S10 leader region and regulatory
features

The S10 ribosomal protein operon of E.coli is transcriptionally
and translationally regulated by protein L4, one of its structural
gene products. The secondary structure of the S10 leader
consists of six hairpins (HA–HF, Fig. 3A). The HE hairpin has
been shown to bind the L4-mediated transcription termination
site, essential for both transcription and translation control,
while the HD hairpin is also involved in this regulation (23,24).
As shown in Figure 3C, this secondary structure is absent in
B.subtilis, in which the S10 cluster is regulated by a mecha-
nism different from L4-mediated control (25).

In order to determine whether the leader region (intergenic
space between tufA and rpsJ) of the S.meliloti S10 cluster

corresponds to the E.coli or B.subtilis 2D structures, we
examined this DNA sequence using the program MFOLD.
This study indicated that the S10 leader region of S.meliloti is
able to form five hairpins (Fig. 3B). The first three hairpins
show some similarity with E. coli HA, HB and HC, but no HE
or HD-like structures were detectable. In comparison, no clear
similarity with the B.subtilis S10 leader region was observed.
Consequently, the existence of an L4-mediated regulatory
mechanism in S.meliloti cannot be excluded, although the
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structure of its S10 leader region is sufficiently unlike that of
E.coli and B.subtilis to suggest a novel regulatory process for
these five gene clusters.

Furthermore, another important feature of this 300 kb
S.meliloti region is the occurrence of three Rho-independent
terminators (Fig. 1B): (i) downstream of rplK-rplA, which
could indicate that the rpoBC cluster is not an operon;
(ii) downstream of rpoC; and (iii) downstream of rpsQ, the last
gene of the S10 cluster. All these elements should help define
a new regulation process in S.meliloti ribosomal clusters.

Phylogeny inferences

Figures 4–6 provide phylogenetic tree comparisons for these
organisms within the five gene clusters based upon multiple
sequence alignments of amino acid and nucleic acid sequences
as well as gene order analysis. The dendrograms obtained with
the three sets of data (amino acid/nucleic acid content and gene
organization) are different. The tree resulting from amino acid
sequence alignment reflects the current phylogeny, based on
16S rRNA (Fig. 4). Although some minor exceptions can be
observed, such as B.subtilis, which is in a distinct phylum
relative to other low G+C Gram-positive bacteria (Borrelia
burgdoferi and Mycoplasma sp.), all Proteobacteria, including
S.meliloti, are clustered in the same monophylitic branch, with
a node-support bootstrap value of 68.1%. Such data match the
percentage obtained by Snel et al. in their phylogenetic study
(26).

In contrast, trees designed using r-protein gene nucleic acid
sequences (Fig. 5A) show a group composed of S.meliloti,
Mycoplasma pneumoniae and Deinococcus radiodurans. We
hypothesize that a base composition bias accounts for this
apparent phylum, since all three bacteria possess a G+C
content >60%.

To compute the influence of base composition, we investi-
gated how the third, second and first codon positions of genes
in the alpha cluster affect phylogenetic analyses. For this, we
eliminated the first, second or third base of each eubacterial
genome sequence and performed the comparison again. As
shown in Figure 5B–D, corrections for compositional and
positional base bias do not completely dismiss monophyly of
S.meliloti, Mycobacterium tuberculosis and D.radiodurans. In
the case of first or second base exclusion, all three organisms
still stand together in the same phylum (Fig. 5B and C). In
contrast, and as expected, in the case of third base elimination
S.meliloti joins R.prowazekii to create an α-proteobacteria
branch while M.tuberculosis and D.radiodurans remain in the
same phylum (Fig. 5D). As demonstrated by Majumdar et al.
(27), in high GC genomes GC content at the first and second
codon positions is lower than at the third codon position. As
indicated in Table 3, this is clearly the case with S.meliloti, as
after removal of the first base the GC composition is 59.77%,
of the second 69.71% and of the third 52.82%. Similar varia-
tions were observed in the other high GC content organisms
(M.tuberculosis and D.radiodurans) but also in Synechocystis,

Figure 1. (Opposite and above) (A) General organization of five ribosomal clusters on the S.meliloti strain 1021 chromosome. (B) Organization of the gene clusters
encoding ribosomal proteins in 16 eubacterial organisms, as compared with the archaeal consensus. Designations and functions of miscellaneous genes are: adk,
adenylate kinase; fusA, elongation factor Ef-G; infA, translational initiation factor 1; map, methionine aminopeptidase; rpoA, rpoB and rpoC, RNA polymerases α,
β and β′; tufA, translational elongation factor Tu.
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Trepanoma pallidum, Aquifex aeolicus, Thermatoga maritima
and Mycoplasma sp, which are not high GC genomes (Table 3).
Nevertheless, removing the third codon is not sufficient to
correlate all phylogenetic analyses based on protein sequence
and on the corresponding DNA sequence. Actually, even
without the third base, the α-proteobacteria (S.meliloti and
R.prowazekii) phylum and the γ-proteobacteria branch (E.coli

and H.influenzae) are remote. As we are not able to measure
the biological significance of the variation in G+C content
throughout the bacterial genome, it remains difficult to draw
conclusions concerning the lack of congruence between the
different trees. As a consequence, we propose completing this
investigation by examining the correlation between r-protein
gene arrangement in all the genomes investigated, using a

Figure 2. Comparison of intergenic length. (A) Length of intergenic regions (rectangles) compared with the size of the whole genome (black curve). (B) Intergenic
size between rpsM and rpsK. (C) Intergenic size between rplR and rpsE.

Figure 3. Comparison of S10 leader structures of E.coli, B.subtilis and S.meliloti. The structures of the E.coli and B.subtilis S10 leader regions have been previously
described (23–25). That of the S meliloti leader was obtained using MFOLD v.2.3 (http://mfold2.wustl.edu/∼mfold/rna/form1.cgi). Putative Shine–Dalgarno
sequences are indicated by a black line.
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matrix of questions and the discrete morphology method as
described before. The resulting tree (Fig. 6) is in keeping with
the general order given in Figure 1B, particularly the close
relationship between B.subtilis and S.meliloti.

Implications for systematics

Because the congruence between different markers usually
considered as the most reliable criterion to access evolutionary
history is not manifest in this r-protein cluster study, a faithful
phylogenic reconstruction between S.meliloti and the other
eubacteria remains difficult. We can presume that new projects
for bacterial whole-genome sequencing will provide novel
information, a prerequisite to consolidate both classification
and phylogeny within eubacteria.

As the Gram-negative and Gram-positive branches were
expected to have diverged, the close similarity detected
between S.meliloti and B.subtilis ribosomal cluster organiza-
tion found in this study came as a surprise. The degree of insta-
bility of operon structures was proposed to be due to the degree
of divergence between the genomes compared and the degree
of instability depends on evolutionary lineage (28). In this
paper we propose that the correspondence between S.meliloti
and B.subtilis organization mainly results from a similar low
frequency of effective recombination and/or a similar weak
occurrence of lateral gene transfer. In this case, the various
trees presented in this paper are not contradictory but rather
complementary. In fact, the two bacteria belong to their
respective phylum, as indicated by the amino acid based-tree,
but are each the less ‘altered’ member of their particular branch
and thus are closer to the bacterial common ancestor. In fact,
Wächtershauser (14) suggested that in the ancestor of all

bacteria the ribosomal gene cluster contained at least the genes
rpsL, rpsG, fusA, tufA and rpsJ. We have now found in this
study that these genes are clustered in B.subtilis and S.meliloti.
For this reason, we suggest a scenario according to which
bacteria with efficient genome plasticity would lose this ances-
tral cluster and rearrange the genes into new clusters, whereas
bacteria with less plasticity have maintained the ancestral
organization.

Implications for functional processes

Danchin and co-workers (29) suggest a significant correlation
between the distribution of genes along the chromosome and
the physical or functional architecture of the cell. Such rela-
tionships must derive from a selection pressure shared by
several organisms. We propose that as gene clusters are
frequent in bacterial genomes, natural selection tends to
prevent their separation. Thus, the occurrence of any rear-
rangement has to be evolutionarily beneficial to be conserved.
In other words, a common selection pressure results in an iden-
tical evolutionary response in different organisms sharing the
same biotope. This may have been the case for S.meliloti and
B.subtilis. While these two organisms have different ways of
life, both are commonly found in soil and in the neighborhood
of plants. Actually, even if B.subtilis is mainly detected in the
phylloplane (30), this organism is sometimes found in soil
surrounding plant roots and its genome shows many interesting
genes involved in the metabolism of plant-derived carbon
compounds, such as opines and starch (31). The whole-
genome sequences of B.subtilis and S.meliloti also reveal
certain functional homologies, such as the presence of a
quorum-sensing apparatus and numerous ABC transporters

Figure 4. Genome phylogeny based on amino acid sequences of ribosomal proteins encoded by the alpha cluster. The tree was made from a genome distance
matrix using the neighbor-joining method (18). Distances are expressed as substitutions per site. Similar results were obtained for the spc, str and S10 clusters (data
not shown). Bootstrap value = 1000.
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Figure 5. (A) Genome phylogeny based on nucleic acid sequences of genes encoding the ribosomal proteins of the alpha cluster. The tree was made from a genome
distance matrix using the neighbor-joining method (18). Distances are expressed as substitutions per site. Similar results were obtained for the spc, str and S10
clusters (data not shown). Bootstrap value = 1000. (B) Tree after exclusion of the first base of the codon. (C) Tree after exclusion of the second base of the codon.
(D) Tree after exclusion of the third base of the codon.
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(31,32). These two bacteria also have specific cellular proc-
esses, such as differentiation (sporulation in B.subtilis,
bacteroid formation in S.meliloti). It may also be pointed out
that the only bacterium capable of plant symbiosis is another
Gram-positive bacterium, Frankia. Both Frankia and Rhizobia
were shown to produce phytohormones and nitrogenase (33).

This correlation between gene order and functional proc-
esses can be assumed to be due to genes encoding related func-
tions being physically close to one another. However, in the
case of ribosomal protein operons, previous work tends to
prove that the order of genes in the ribosomal operon may not
be important for their assembly and function but rather that
possible rearrangements have been deleterious for their expres-
sion (28). Considering the correlation between the physical
interactions of ribosomal proteins and their gene order, we
observed two situations: co-occurrence of genes that encode
interacting proteins (such as the operon rpsG–rspL, corre-
sponding to proteins S7 and S12 that interact at the interface of
the large subunit) or absence of physical proximity (for
instance, tufA, encoding protein TufA that physically interacts
with the large ribosomal proteins L6, L11 and L22, has never
been found near the corresponding genes rplF, rplK and rplV,
respectively). In conclusion, we hypothesize that ribosomal
gene order conservation may not mainly be due to physical
interaction with gene products but rather to a capacity of
bacteria to evolve from an ancestral cluster into a viable recon-
struction of this ‘ribosomal island’. Bacillus subtilis and
S.meliloti seem to have the most stable genomes and therefore
have retained the ancestral genome island.
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