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the Evolution of Multichromosome Genomes in Bacteria�†
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The family Rhizobiaceae contains plant-associated bacteria with critical roles in ecology and agriculture. Within
this family, many Rhizobium and Sinorhizobium strains are nitrogen-fixing plant mutualists, while many strains
designated as Agrobacterium are plant pathogens. These contrasting lifestyles are primarily dependent on the
transmissible plasmids each strain harbors. Members of the Rhizobiaceae also have diverse genome architectures
that include single chromosomes, multiple chromosomes, and plasmids of various sizes. Agrobacterium strains have
been divided into three biovars, based on physiological and biochemical properties. The genome of a biovar I strain,
A. tumefaciens C58, has been previously sequenced. In this study, the genomes of the biovar II strain A. radiobacter
K84, a commercially available biological control strain that inhibits certain pathogenic agrobacteria, and the biovar
III strain A. vitis S4, a narrow-host-range strain that infects grapes and invokes a hypersensitive response on
nonhost plants, were fully sequenced and annotated. Comparison with other sequenced members of the Alphapro-
teobacteria provides new data on the evolution of multipartite bacterial genomes. Primary chromosomes show
extensive conservation of both gene content and order. In contrast, secondary chromosomes share smaller percent-
ages of genes, and conserved gene order is restricted to short blocks. We propose that secondary chromosomes
originated from an ancestral plasmid to which genes have been transferred from a progenitor primary chromosome.
Similar patterns are observed in select Beta- and Gammaproteobacteria species. Together, these results define the
evolution of chromosome architecture and gene content among the Rhizobiaceae and support a generalized mech-
anism for second-chromosome formation among bacteria.

The family Rhizobiaceae (order Rhizobiales) of the Alpha-
proteobacteria includes the plant pathogens of the genus
Agrobacterium and the nitrogen-fixing plant mutualists of the
genera Rhizobium and Sinorhizobium. Members house single

and multiple chromosome arrangements, linear replicons, and
plasmids of various sizes. Genes of pathogenicity, mutualism,
and other symbiotic properties are primarily encoded on large
transmissible plasmids. Given the promiscuous nature of these
elements, different genomic lineages within the Rhizobiaceae
exhibit a variety of symbiotic phenotypes that range from
pathogenesis to nitrogen-fixing mutualism.

Agrobacterium taxonomy and phylogeny display a marked
disparity. Empirically, organisms of the genus Agrobacterium
are grouped into five species based on the disease phenotype
associated with the resident disease-inducing plasmid: A. tu-
mefaciens causes crown gall on dicotyledonous plants, includ-
ing stone fruit and nut trees; A. rubi causes crown gall on
raspberries; A. vitis causes gall formation that is limited to
grapes; A. rhizogenes causes hairy root disease; and A. ra-
diobacter is avirulent. An alternative classification scheme
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groups Agrobacterium organisms into three biovars based on
physiological and biochemical properties without consider-
ation of disease phenotype. Whole-genome and molecular
marker comparisons indicate that Agrobacterium strains are
derived from multiple chromosomal lineages (see below) (19,
26, 47, 48). The species and biovar classification schemes do
not coincide well, in large part because the disease-inducing
plasmids are readily transmissible. The history of Agrobacte-
rium classification was recently reviewed by Young (48).

Representative genomes from all three Agrobacterium bio-
vars are now available. The genome of the biovar I strain A.
tumefaciens C58 (C58) was previously sequenced (19, 47). The
genomes for representatives of the two remaining biovars have
now been sequenced and are available as indicated in Materi-
als and Methods. Agrobacterium radiobacter K84 (K84), an
avirulent biovar II strain, is a widely used biological control
agent for preventing crown gall disease in the field (25, 35). A.
vitis S4 (S4), a virulent biovar III strain, is phenotypically dis-
tinct from strains of A. tumefaciens in two significant ways.
First, whereas A. tumefaciens infects many host species, A. vitis
causes crown gall only on grapevines (2, 4). Second, A. vitis
induces necrosis on grapevine roots and a hypersensitive re-
sponse on nonhost plants (3, 22).

This study examines the evolution of genome architecture
among agrobacteria, selected sequenced members of the Rhi-
zobiales, and additional bacteria that harbor multiple chromo-
somes. The biovar I genome of C58 harbors a linear chromo-
some II derived from a plasmid to which large blocks of DNA,
including rRNA operons and other essential genes, have trans-
ferred from chromosome I (19, 47). While the sequencing of
S4 and K84 was motivated by the need to have full genomic
sequences for at least one biovar II representative and at least
one biovar III representative, we have found that their ge-
nomes, as well as those of C58 and other Rhizobiales species,
enabled us to infer a general model for bacterial genome
evolution. Crucial for this inference is the complex (for bacte-
ria) replicon architecture of all three Agrobacterium genomes.
The data provided here and additional evidence (40, 46) sup-
port our model as a generalized mechanism of genome evolu-
tion among bacteria that harbor multiple chromosomes.

MATERIALS AND METHODS

DNA sequencing and assembly. Two DNA libraries (insert sizes, 2 to 4 kbp
and 4 to 8 kbp) were generated for each Agrobacterium genome by mechanical
shearing of DNA and cloning into pUC18, followed by a shotgun sequencing
approach. The reads (�87,000 for K84 and �82,000 for S4) were assembled and
edited by using Phred, Phrap, and Consed (13, 14, 20). Gaps were closed by
sequencing specific products. All rRNA operons were amplified with specific
flanking primers, sequenced, and assembled individually. All nucleotides with
Phred scores of less than 40 were resequenced using an independent PCR
fragment as template. The error rate is estimated to be less than 1:10,000.

Comparative genomics analyses. Ortholog families were obtained with
orthoMCL (32). Ortholog alignments were obtained with custom Perl scripts.
Circular representations of these alignments were obtained with the tool genomeViz
(17). Analysis of potential intragenome transfers (http://www.agrobacterium.org; see
Tables S6 to S22 in the supplemental material) involved the Multi-Genome
Homology Comparison (38) and Phylogenetic Profiler (33) Web-based tools.
Completed bacterial genomes listed in NCBI as having more than one chromo-
some were initially examined, and only those cases where the additional chro-
mosome(s) carried a substantial number of essential genes were maintained.
Within this subset, three cases in which two or more closely related genera
appear to share a common origin of additional chromosomes were analyzed in
greater detail. If intragenome transfer is a robust explanation for the origin of

additional chromosomes, then the “transferred” genes should occur in clusters
within which the synteny from the initial ancestral chromosome I was main-
tained. The additional chromosomes of two related genera, A and B, were
searched for such shared gene clusters that are present on chromosome I of a
unichromosomal relative C but are no longer found on chromosome I in genera
A and B. An initial lower limit of similarity of 60% identity was used, and once
clusters were identified, the lower limit was adjusted to 40% identity to deter-
mine the fullest extent of each shared gene cluster. Preliminary versions of
Tables S6 to S22 (see the supplemental material) were checked against the
ortholog alignments, and minor corrections and additions were done to obtain
the final set of tables.

Analysis of the repABC systems of Agrobacterium organisms. The RepA,
RepB, and RepC protein sequences from Agrobacterium tumefaciens were used
as a query against the NCBI database as of May, 2007, using the NCBI BlastP
program (1). The top 100 matches were used for analysis. The sequences of each
protein were aligned by using the MUSCLE program (11). Phylogenetic and
molecular evolutionary analyses were conducted by using MEGA, version 4 (42).

Phylogenetic comparisons among the Rhizobiaceae. Phylogenetic analysis was
performed on a data set of 507 homologous protein groups selected from 19
species of Rhizobiales organisms (Fig. 1; taxa are listed in Table S4 in the
supplemental material). The genes were selected strictly from the primary chro-
mosome of each genome. It was allowed that one or two genomes could be
missing the gene. Three hundred seventeen homologous groups contained all
genomes, 146 were missing one genome, and 45 missed two genomes (see Table
S5 in the supplemental material). Homolog groups with more than one entry for
a genome were not used. Sequences in each homolog group were trimmed by fit
to a hidden Markov model using the HMMer package (10) and then aligned
using MUSCLE (11) with the default parameters, as described previously (43).
The concatenation of 119,758 aligned positions was analyzed by using the pro-
gram RaxML (41) using the GAMMA-distributed WAG substitution model.
Bootstrapping was performed using the nonparametric (slow) method for 100
replicates.

Comparative single protein analysis. Genomes were clustered by gene content
by constructing a matrix of pairwise distances between bacterial proteomes
(results are in Fig. S1 in the supplemental material). Pairwise distances were
estimated by using the following procedure. Using NCBI BlastP, each protein in
genome A was compared to the proteome of genome B. The similarity of the top
hit in genome B was noted for each protein in genome A. All such A-to-B
comparisons were summarized by calculating the percentage of the proteins in A
which had a match in B of at least a certain similarity. That is, a table was created
showing what fraction of proteome A had matches of at least 100% identity in B,
what fraction had matches of at least 99% identity, what fraction had 98%, and
so on. If A and B were the same proteome, this table would contain values of 1.0
for all percentages of identity from 100% to 1%. A histogram was generated for
each genomic comparison, and the area above the histogram was measured. This
represents the sum of the differences between the actual fractions observed and

FIG. 1. Phylogenetic tree relating 19 genomes in the Rhizobiales.
The tree was inferred from 119,758 aligned protein positions from 507
genes located strictly on the primary chromosome in each genome.
Bootstrap support was 100% for all nodes except that linking Brady-
rhizobium and Nitrobacter genomes, which was 98 out of 100. Bar,
number of amino acid substitutions per site.
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those which would arise from having identical proteomes; this is a distance
measure. The proteomic comparison was repeated for all possible pairwise com-
parisons. To generate the actual distances used in the phylogeny reconstruction,
we compared the pairs of organisms in both directions (A3B and B3A) and
averaged the histogram areas.

A dendrogram illustrating how the genomes cluster (and their relative dis-
tances) with this scheme can be easily derived from the matrix of pairwise
distances by using the neighbor-joining method implemented in PHYLIP (15).
This proteomic comparison method also appears robust with respect to highly
divergent and even largely disjoint protein sets: the archaeon Pyrococcus furiosus
branches deeply from the genus Gammaproteobacteria, while the small genome
of Buchnera aphidicola, for example, clusters with the genus Wigglesworthia (data
not shown). In spirit, this clustering method is similar to the more rigorous
average amino acid identity measure proposed by Konstantinidis and Tiedje
(31); like theirs, our method shows that entire-proteome comparisons largely
recapitulate standard 16S rRNA phylogeny and yet provide insights into the
correlation of genome and ecological role, as well as highlighting possible hor-
izontal gene transfer.

Nucleotide sequence accession numbers. The annotated genome sequences of
both A. vitis S4 (GenBank CP000633 through CP000639) and A. radiobacter K84
(GenBank CP000628 through CP000632) are available from GenBank and from
the Agrobacterium genome database (http://agro.vbi.vt.edu/public).

RESULTS

Sequencing and annotation of representative genomes from
Agrobacterium biovars II and III. Representative genomes
from all three Agrobacterium biovars are now available. The
genome sequence of the biovar I strain A. tumefaciens C58
(C58) was sequenced by our group and has been recently
revised and updated (19, 47; S. Slater, J. C. Setubal, B. Good-
ner, Y. Zhou, K. Houmiel, J. Sun, B. S. Goldman, S. K. Far-
rand, W. M. Huang, S. Casjens, R. Kaul, Q. Chen, T. Burr, E.
Nester, R. Kadoi, T. Ostheimer, N. Nicole Pride, A. Allison
Sabo, E. Erin Henry, E. Erin Telepak, L. Lindsey Wilson, A.
Alana Harkleroad, and D. Wood, submitted for publication).
The genome sequences for representatives of the two re-
maining biovars are available as indicated in Materials and
Methods.

Table 1 compares the general features of C58, K84, and S4,
and Tables S1 to S3 in the supplemental material provide a
more detailed picture of each genome. The three sequenced
Agrobacterium biovars have distinct genome architectures. The
genomes of C58 and S4 contain two true chromosomes, which
we define as replicons containing both rRNA operons and
genes essential for prototrophic growth. C58, however, has one
circular and one linear chromosome (19, 47), while S4 has two
circular chromosomes. In both strains, the larger chromosome
(chromosome I) contains an origin of replication that is similar
to other chromosomal origins within the Alphaproteobacteria
(24), while chromosome II has a repABC origin of replication
typical of the large plasmids within the Rhizobiaceae. C58 con-
tains two plasmids, pTiC58 and pAtC58 (Table 1; see Table S1
in the supplemental material) (19, 47), whereas S4 has five
plasmids (Table 1; see Table S2 in the supplemental material).
K84, in contrast, has a single circular chromosome, a second
2.65-Mbp replicon, and three plasmids (Table 1; see Table S3
in the supplemental material): pAgK84 (44 kbp) (30),
pAtK84b (185 kbp, pNOC) (7), and pAtK84c (388 kbp,
pAgK434) (9). Like the second chromosomes of C58 and S4,
the 2.65-Mbp replicon contains a plasmid-type repABC origin.
However, it lacks the rRNA operons and does not contain the
extensive sets of essential metabolic genes found on the second
chromosomes of C58 and S4. It does contain at least one gene

that is likely to be essential, an L-seryl-tRNA selenium trans-
ferase gene (Arad7947).

Multiprotein phylogeny of new genomes shows Agrobacte-
rium organisms to be paraphyletic. The relationships among
C58, S4, and K84 and 16 previously sequenced genomes in the
order Rhizobiales were investigated by maximum likelihood
phylogenetic analysis. Protein alignments were performed for
507 single-copy orthologous gene families located on primary
chromosomes that are likely to have tracked the vertical com-
ponent of ancestry (Fig. 1; see Tables S4 and S5 in the sup-
plemental material). Analysis of the concatenated data set
produces a single topology with 100% a posteriori support for
all branches within the Rhizobiaceae, which is consistent with
the results of Williams et al. (45). This phylogenetic recon-
struction finds S4 to group with C58 and K84 to group with two
Rhizobium genomes (R. leguminosarum and R. etli). The lin-
eage uniting K84 with the genus Rhizobium has a substantial
branch length, while S4 and C58 appear to have separated soon
after the divergence of the genus Sinorhizobium.

Whole-genome similarity plots support these findings (see
Fig. S1 in the supplemental material). The neighbor-joining
tree of the distances measured from these plots gives the same
topology and similar relative branch lengths within the Rhizo-
biaceae as the maximum likelihood tree analysis (see Fig. S2 in
the supplemental material). These large-scale investigations
provide a well-defined phylogenetic basis for uniting biovar II
(represented by K84) with the genus Rhizobium.

RepABC replication origins are not linearly descendant
among secondary chromosomes and large plasmids. Plasmid
replication among the Rhizobiaceae is generally under the con-

TABLE 1. Summary of genome features from sequenced
Agrobacterium strains

Characteristic A. tumefaciens
C58

A. radiobacter
K84 A. vitis S4

Biovariant Biovar I Biovar II Biovar III
Genome size (bp) 5,674,260 7,273,300 6,320,946
% G�C content 59.0 59.9 57.5
No. of chromosomesa 2 1 2
No. of plasmids 2 4b 5

No. of indicated protein-
coding genes

Total 5,385 6,752 5,479
With functionality assigned 3,516 5,099 3,897
Conserved hypothetical 1,287 1,201 1,282
Hypothetical 582 452 300
Pseudogenes 28 68 90

No. of indicated RNA genes
rRNA operons 4 3 4
tRNAs 56 51 54
Other RNAsc 26 23 30

Genomic islands
Total no. 38 59 20
Avg size (kb) 23.3 28.2 33.0

a A chromosome is defined here as a replicon harboring rRNA operons and
essential genes.

b The 2.65-Mbp replicon, which does not meet our definition of a chromo-
some, is included here (see Results).

c Includes transfer-messenger RNAs, signal recognition particle RNAs, suhB,
riboswitches, and miscellaneous features.

VOL. 191, 2009 AGROBACTERIUM BIOVAR II AND III GENOME SEQUENCES 2503



trol of the RepABC system (5, 44). Plasmid origins of replica-
tion are typically considered characteristic of a plasmid, since
replication is required for transmission. Thus, we would pre-
dict that the repABC genes, which are generally found in an
operon, evolved as a single unit on the plasmids and second
chromosomes for which they mediate replication. Phylogenetic
analyses of these gene lineages, however, indicate a lack of
evolutionary congruence with the species tree (Fig. 1) among
the repABC systems of plasmids and of the second-largest
replicons of the three biovars (see Fig. S5 to S6 in the supple-
mental material). Therefore, one cannot infer an ancestry for
repABC genes that does not invoke continuous horizontal gene
transfer of these genes. Individual repABC genes show a sim-
ilar lack of evolutionary congruence within replicons (the
RepA and RepB trees, while congruent to each other, are not
congruent to the RepC tree [see Fig. S7 and S8 in the supple-
mental material]), suggesting that plasmid evolution is medi-
ated both by the frequent movement of plasmids among strains
and by exchange of the individual repABC genes within repli-
cons. In a wider evolutionary perspective, congruence among
repABC genes generally does hold. For example, even though
the repC genes appear to move easily within families, they
move less easily within orders and rarely outside of an order
(Fig. 2). These findings are consistent with recent work by
Cevallos et al. (5) and confirm that the intragenomic move-
ment of genes across replicons includes the replication sys-
tems.

Conservation of gene content and order is much greater on
primary chromosomes than on secondary chromosomes. The
C58 chromosome I shares large-scale synteny with the chro-
mosome of Sinorhizobium meliloti 1021 and with the chromo-
some of the more distantly related Mesorhizobium loti
MAFF303099 (19, 47). Subsequent analyses show conservation
of gene order and content among primary ancestral chromo-
somes of other Rhizobiales (Brucella, Bradyrhizobium, Mesorhi-
zobium, and Rhizobium strains, Ochrobactrum anthropi, and
Azorhizobium caulinodans) (37, 40). Given these relationships,
we might expect the secondary chromosomes and large repli-
cons within the genus Agrobacterium and across the order Rhi-
zobiales to display similar syntenic relationships. Although
some conservation of gene content is apparent, these replicons
lack the large-scale conservation of gene order seen among the
primary chromosomes (Fig. 3). Where gene order has been
retained, it is limited to small blocks of genes. These contrast-
ing findings led us to examine the origins of the large secondary
replicons.

Secondary chromosomes originated from intragenomic trans-
fers from primary chromosomes to ancestral plasmids. In spite
of the lack of large-scale synteny across the secondary chro-
mosomes and large replicons of the Rhizobiales, evidence sup-
ports a common origin for chromosome II of C58 and S4 and
the 2.65-Mbp replicon of K84. Of the 3,382 genes shared by all
three genomes, 291 are located on chromosome II of C58 and
S4 and on the 2.65-Mbp replicon of K84. This represents 16%,
27%, and 12% of the genes on each of the respective DNA
molecules (http://agro.vbi.vt.edu/public). In addition, six gene
clusters are shared by chromosome II of C58 and S4, by the
2.65-Mbp replicon of K84, and by plasmids p42e of R. etli and
pRL11 of R. leguminosarum (Fig. 3; see Tables S6 and S10 in
the supplemental material).

Comparisons among the Rhizobiales suggest that gene trans-
fer from primary chromosomes to ancestral plasmids resulted
in secondary chromosomes. Because these transfers occur
within the same genome (and can potentially occur between
any pair of replicons), we term them “intragenomic gene trans-
fers.” Under this model, translocated genes would be expected
to occur in clusters that retain synteny with the ancestral chro-
mosome, and this is clearly observed (Fig. 3). All fully se-
quenced genomes of the Brucella/Ochrobactrum clade (five
sequenced strains), two members of the genus Sinorhizobium,
and the mixed Agrobacterium/Rhizobium clade (five sequenced
strains) possess multiple chromosomes or a large replicon with
some chromosomal characteristics. Moreover, except for the
genus Brucella, all these members carry one or more plasmids.

All fully sequenced Rhizobiales species that harbor multiple
replicons have at least one RepABC replicon. We suggest that
the common ancestor of this order was a unichromosomal
strain that acquired a single ancestral plasmid of this class, here
referred to as the Intragenomic Translocation Recipient (ITR)
(Fig. 4). The best evidence for the existence of this ancestral
plasmid is three gene clusters shared by almost all fully se-
quenced Rhizobiales (in addition to repABC). As shown in Fig.
5 and Table S6 in the supplemental material, in 29 out of 32
cases these four clusters are found in secondary large repli-
cons. The three exceptions (A. vitis [minCDE], O. anthropi
[hutIHGU], and A. radiobacter [hutIHGU]) can be explained by
subsequent retrotransfers to the primary chromosome from
the ITR, based on analysis of adjacent syntenic regions shared
with chromosome II of their nearest sequenced relatives.
Moreover, three of these clusters (minCDE, hutIHGU, and
repABC) are not seen in the unichromosomal genome of Azo-
rhizobium caulinodans, a Rhizobiales member, suggesting that
the ITR plasmid brought those genes to the ancestral strain
and that the fourth gene cluster (pca) later moved from the
ancestral chromosome to the ITR plasmid.

At some point the Brucella/Ochrobactrum clade diverged
from the lineage that gave rise to the family Rhizobiaceae (Fig.
1). The transfer of chromosomal genes to the ITR plasmid
took place independently in the Brucella/Ochrobactrum clade
(also hypothesized in reference 36) and in the Rhizobiaceae
family. In the Brucella/Ochrobactrum clade, there have been 25
intragenomic transfers from the primary chromosome to the
ITR plasmid, as shown by the facts that these 25 clusters are
shared by all of the sequenced members of the Brucella/
Ochrobactrum clade (see Table S7 in the supplemental mate-
rial) and that these clusters are still found in the primary
chromosome of S. meliloti. Twenty more transfers occurred
since Brucella diverged away from Ochrobactrum (see Table S8
in the supplemental material). In fact, the recent sequencing of
the genome of Brucella suis ATCC 23445 (NC_010169.1)
shows that another 220-kbp section, found in chromosome I
for all other fully sequenced members of the genus Brucella, is
now part of its chromosome II (A. R. Wattam, K. P. Williams,
E. E. Snyder, N. F. Almeida, Jr., M. Shukla, A. W. Dickerman,
O. R. Crasta, R. Kenyon, J. Lu, J. M. Shallom, H. Yoo, T. A.
Ficht, R. M. Tsolis, C. Munk, R. Tapia, C. S. Han, J. C. Detter,
D. Bruce, T. S. Brettin, B. W. Sobral, S. M. Boyle, and J. C.
Setubal, submitted for publication). In Sinorhizobium meliloti,
the ancestral ITR plasmid evolved into the pSymB plasmid,
with one intragenomic transfer event from the chromosome to
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the ITR plasmid occurring prior to its divergence from the
Agrobacterium/Rhizobium clade and three events after (see Ta-
ble S9 in the supplemental material).

Among the Rhizobiaceae, at least two gene clusters trans-
ferred to the ancestral ITR plasmid prior to the divergence of
the clade that includes the biovar I/III strains from the biovar
II clade that includes K84, Rhizobium etli CFN42, and R. legu-
minosarum biovar viciae 3841. These transfers include a cluster

containing genes encoding a glutamate synthase and glutamine
synthetase III (Fig. 3, bottom panel; see Table S10 in the
supplemental material). After this divergence, there was at
least one intragenomic transfer to the ITR plasmid before it
became chromosome II for Agrobacterium biovar I/III
strains (Fig. 3, bottom panel; see Table S11 in the supple-
mental material). Subsequently, transfers to chromosome II
have occurred that are unique to biovars I or III (19). For

FIG. 2. Phylogenetic analysis of RepC proteins among the Rhizobiaceae. The organism name is followed by the NCBI accession number. Red
indicates membership in the Rhizobiales, purple in the Sphingomonadales, blue in the Rhodospirillales, green in the Rhodobacterales, and orange
in the Caulobacterales. Arad, A. radiobacter; Avi, A. vitis; Atu, A. tumefaciens; A., Agrobacterium; S., Sinorhizobium; R. etli, Rhizobium etli;
R. leguminosarum, Rhizobium leguminosarum; R. sphaeroides, Rhodabacter sphaeroides.

VOL. 191, 2009 AGROBACTERIUM BIOVAR II AND III GENOME SEQUENCES 2505



2506



example, there have been at least seven large-scale gene
transfer events, ranging from 10 kbp to 220 kbp, and a few
smaller transfer events between the ancestral chromosome
and chromosome II of C58 that did not occur in S4 (Fig. 3,
bottom panel; see Table S12 in the supplemental material).
In a separate but parallel track, there was at least one
intragenomic transfer to the ITR plasmid ancestral to K84
(2.65-Mbp replicon), R. etli (plasmid p42e), and R. legu-
minosarum (plasmid pRL11) (see Table S13 in the supple-
mental material). None of the secondary replicons in this
branch has reached chromosome status yet.

We observe that among Rhizobiales, another evolutionary
path seems to be that of integration of the ancestral ITR
plasmid into the main chromosome. The best example of this
path is Bradyrhizobium strains. All fully sequenced Bradyrhizo-
bium strains have very large chromosomes (B. japonicum
USDA 110 has a single chromosome larger than 9 Mbp [29]),
and only one strain (Bradyrhizobium sp. strain BTAi1) has a
plasmid that might serve to nucleate a second chromosome.
However, the presence of ITR plasmid gene clusters and other
plasmid genes in the chromosomes of these species (also seen
in Mesorhizobium main chromosomes) suggests the integration

FIG. 3. Gene conservation among replicons of the Rhizobiales. Graphic depicts ortholog gene alignments shown from the outer circle and
moving inward as follows (GenBank accession numbers are in parentheses): Sinorhizobium meliloti 1021 (NC_003047.1), Rhizobium leguminosarum
biovar viciae 3841 (NC_008380.1), Rhizobium etli CFN42 (NC_007761.1), K84, S4, C58, Ochrobactrum anthropi ATCC 49188 (NC_009668.1), and
Brucella suis 1330 (NC_004310.3). Top, the alignment is anchored by C58 chromosome I; bottom, the alignment is anchored by C58 chromosome
II. The anchor replicons themselves are represented by the circles bordered by scales with marks every one-eighth of their total size. Each gene
is colored according to its replicon of origin: blue for the primary chromosome, green for secondary chromosomes (including the K84 2.65-Mbp
replicon), and orange for plasmids. Note that in all circles except the anchor, the location of a gene in the figure is not tied to physical position
in that genome. At higher resolution (http://agro.vbi.vt.edu/public), it is possible to see that many genes in the nonanchor circles occur consecutively
in their respective replicons, thus representing syntenic blocks or clusters. The positions of clusters that occur in C58 are listed in Tables S9 and
S13 to S15 in the supplemental material and are indicated in the figure by the outermost-arc sections colored black. Each such arc is labeled as
Sx-y, where x is the number of the table in the supplemental material and y is the order of the cluster in the table. The alignment in the top panel
is predominantly blue, suggesting the high degree of conservation among Rhizobiales primary chromosomes. The alignment in the bottom panel
is a mixture of blue, green, and orange, suggesting the mosaic nature of chromosome II and hinting at the various genomic transfers hypothesized
to have taken place, as explained in the text.

FIG. 4. Reconstruction of the origin of secondary chromosomes and related large replicons within the Rhizobiales through transfers of gene
clusters from the primordial chromosome to what originally was a repABC-type plasmid (called here the ITR plasmid). LGT, lateral gene transfer.
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of one or more plasmids into the ancestral chromosome
(Fig. 4).

Intragenomic flow from chromosomes to large plasmids me-
diates second-chromosome formation in other bacteria. A
plasmid-based mechanism of secondary chromosome forma-
tion was first proposed with the genome sequence of the two
chromosomes of Vibrio cholerae, based solely on the presence
of plasmid replication functions (12). The extensive data for
the Rhizobiales just described goes well beyond just replication
functions, and we now provide evidence for two more examples
of extensive intragenomic gene transfer to a new chromosome
based on published genome sequences.

First, among the Gammaproteobacteria, the example of the
genus Vibrio is much older and more complex than first pro-
posed. Strains of Photobacterium were once considered to be
within the genus Vibrio, and multiple lines of evidence support
Vibrio and Photobacterium as sister genera. Both genera have
two chromosomes, and sequences are available for P. profun-

dum and four Vibrio species. Phylogenetic analysis of several
conserved proteins showed that among the available se-
quenced genomes, Aeromonas hydrophila is the closest relative
with a single chromosome. Comparative analyses support 6
gene cluster transfers from the ancestral chromosome I to the
plasmid progenitor of chromosome II (itself defined by 7
unique gene clusters) prior to the divergence of the sister
genera Photobacterium and Vibrio, 7 additional gene cluster
transfers to chromosome II of the common ancestor of all the
sequenced Vibrio strains, and 29 transfers unique to the Pho-
tobacterium side (see Fig. S3 and Tables S14 to S17 in the
supplemental material).

Second, in the Betaproteobacteria, the genus Burkholderia
was subdivided several years ago, with some members of Burk-
holderia along with some stragglers from other genera reclas-
sified into the genus Ralstonia. Several lines of evidence sup-
port a very close relationship between Burkholderia and
Ralstonia, and they each consist of species with two or three

FIG. 5. Key gene clusters present on ITR plasmid progenitor of chromosome II and related large replicons during evolution of Rhizobiales. C58
is the reference, and its genes are represented as arrows consistent with the strand they are found on in the deposited genome sequence. Genes
for the other genomes were aligned with the C58 genes and are represented with circles or squares. Circles/squares are connected with lines when
corresponding genes are consecutive. A black or gray circle means that the gene represented is in a secondary chromosome or plasmid; a black
or gray square means that the gene represented is in the primary chromosome. A black circle or square means that the alignment to the C58
ortholog covered 80% or more of both genes; a gray circle or square means the alignment covered less than 80%. Gene numbering is shown for
C58 (Agro C58), S4 (Agro vitis S4), K84 (Agro K84), R. etli CFN42, R. leguminosarum biovar viciae 3841 (R.leg), S. meliloti 1021 (S.meli), B. suis
1330, and O. anthropi ATCC49188.
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chromosomes. The most closely related sequenced genomes
with a single chromosome are those from the genus Bordetella;
B. bronchiseptica was used as the comparison genome for this
analysis. Using chromosome II sequences from five different
Burkholderia species and three different Ralstonia species for
analysis, the second chromosomes of Burkholderia and Ralsto-
nia are seen to share a common origin, with 11 gene cluster
transfers from the ancestral chromosome to a plasmid progen-
itor (defined by two unique gene clusters) (see Fig. S4 and
Tables S18 and S19 in the supplemental material). After the
divergence of these two clades, 12 additional transfers to chro-
mosome II are unique to the Burkholderia bichromosome an-
cestor and 24 to the Ralstonia bichromosome ancestor (see Fig.
S4 and Tables S20 and S21 in the supplemental material).
Within a subset of Burkholderia strains, there is a third plas-
mid-based chromosome to which four gene clusters were trans-
ferred from either chromosome I or chromosome II (see Fig.
S4 and Table S22 in the supplemental material). Taken to-
gether, these data support a generalized mechanism of second-
ary chromosome formation among bacteria.

DISCUSSION

Within the Rhizobiaceae, the available evidence strongly sup-
ports a mixed Agrobacterium/Rhizobium clade containing two
subclades. One subclade includes the biovar II agrobacteria
(e.g., K84) and certain of the fast-growing rhizobia, including
R. etli and R. leguminosarum. The second subclade includes the
biovar I (e.g., C58) and III (e.g., S4) lineages that separated
after diverging from the biovar II lineage. Linearization of the
biovar I chromosome appears to have been a seminal event in
this radiation (S. Slater et al., submitted).

Analysis of complete genome sequences within the Rhizo-
biales allows a more precise definition of phylogenetic relation-
ships. While it has long been known that gene transfer can
occur between organisms, the picture that results from our
study shows a group characterized by composite genomes in
which genes of all classes are not only migrating between
organisms (19, 47) but also intracellularly among chromosomal
and plasmid replicons. In the Rhizobiaceae, such movements,
as well as chromosomal rearrangements, have not completely
disrupted the backbone of the ancestral chromosome. In con-
trast, while second chromosomes and evolving plasmid-based
large replicons have some overlapping gene content, they dis-
play significant loss of gene order. In biovar I and III agrobac-
teria, these movements produced second chromosomes de-
rived from plasmids, while in the biovar II strain K84, the
plasmid-based replicon has yet to reach second-chromosome
status.

Although it is clear that the 2.65-Mbp replicon of K84,
second chromosomes of C58 and S4, and large plasmids in
other members of the Rhizobiales have evolved from a com-
mon plasmid ancestor, the repABC genes involved in replica-
tion initiation, copy number control, and partition on these
molecules are phylogenetically distinct even within a single
organism. These findings show that repABC genes, like other
genes, are being exchanged among replicons. This may reflect
selective pressure to move from incompatibility to coexistence
in genomes with multiple repABC-based replicons. It also

means there is no internal standard by which to directly com-
pare replicon lineages among these plasmids.

Our data show a common mechanism of secondary chromo-
some formation in Rhizobiaceae and other bacteria. A prereq-
uisite for this evolution is the intracellular presence of a second
replicon capable of stably and efficiently replicating large DNA
molecules. The repABC-type replicons that are widely distrib-
uted among the Rhizobiales fall into this class and have pro-
duced second chromosomes in addition to large replicons, such
as the 2.65-Mbp K84 replicon and the Sym plasmids of nitro-
gen-fixing members of the Rhizobiaceae (6, 8, 16, 18, 19, 21, 37,
47, 49). In A. tumefaciens, it has been shown that chromosome
II is replicated concurrently with chromosome I; such overall
genome synchrony probably allowed intragenomic transfers to
be maintained (27, 28). Most of the large gene movements
have been from the ancestral chromosome to plasmid repli-
cons, with only rare retrotransfers. While plasmids can un-
dergo large gene rearrangements and losses/insertions, the
available evidence suggests that there are some constraints to
large-scale rearrangements of the bacterial chromosome (23,
34, 39).

The advantage of multiple chromosomes is unclear, but we
speculate that they may permit further accumulation of genes
when the primary replicon cannot support further chromo-
some enlargement. Within the Rhizobiaceae, different species
appear to handle gene accumulation in different ways. Brady-
rhizobium and Mesorhizobium species have very large chromo-
somes with few, if any, relatively small plasmids. In contrast,
Agrobacterium and Rhizobium strains have multiple chromo-
somes or large replicons that show gene accumulation, as well
as anywhere from one to six plasmids. These differences may
suggest that chromosomal origins have differing abilities to
replicate molecules larger than about 5 or 6 Mbp, with multiple
chromosomes providing an alternative reservoir for newly ac-
quired DNA. Alternatively, the initial movement of a few es-
sential gene clusters to a plasmid replicon may be simply a
historical contingency with no attached selective advantage.
Additional essential gene transfers would simply solidify the
essential nature of the new replicon. An evaluation of the
selective-advantage hypothesis is needed, but regardless of
the reason, it is clear that the genetic organization of even
essential genes in bacteria is much more complex and fluid
than has been imagined.
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